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Abstract

Currently, the patterning of innovative three-dimensional (3D) nano-objects is required for the development of future advanced
electronic components. Helium ion microscopy in combination with a precursor gas can be used for direct writing of three-dimen-
sional nanostructures with a precise control of their geometry, and a significantly higher aspect ratio than other additive manufac-
turing technologies. We report here on the deposition of 3D hollow tungsten carbide nanowires with tailored diameters by tuning
two key growth parameters, namely current and dose of the ion beam. Our results show the control of geometry in 3D hollow nano-
wires, with outer and inner diameters ranging from 36 to 142 nm and from 5 to 28 nm, respectively; and lengths from 0.5 to 8.9 pm.
Transmission electron microscopy experiments indicate that the nanowires have a microstructure of large grains with a crystalline
structure compatible with the face-centered cubic WC|_, phase. In addition, 3D electron tomographic reconstructions show that the

hollow center of the nanowires is present along the whole nanowire length. Moreover, these nanowires become superconducting at
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6.8 K and show high values of critical magnetic field and critical current density. Consequently, these 3D nano-objects could be

implemented as components in the next generation of electronics, such as nano-antennas and sensors, based on 3D supercon-

ducting architectures.

Introduction

Superconductors are dissipationless carriers of electric current
and provide macroscopic, and thus robust, quantum coherence.
This allows for a wide range of applications, particularly at the
nanometer-scale, where they can be easily integrated in circuits
and used as ultrasensitive sensors of magnetic fields, tempera-
ture and as key elements for quantum computation. The behav-
ior of nanosized superconductors as one-dimensional quantum
oscillators [1], Josephson junction arrays [2], electronic trans-
port devices [3-7], very small-scale devices [8,9], micrometer-
scale coolers [10], or thermal and spin sensors [11,12] has been
studied in detail.

Nowadays, research on manufacturing highly energy-efficient
three-dimensional (3D) structures [13] is critical for the devel-
opment of future electronics. However, when approaching the
nanometer-scale, the number of works on real 3D nano-super-
conductors [14-19] decreases dramatically, mostly due to the
complex fabrication and characterization. A technique success-
fully utilized for fabricating 3D nano-objects is direct writing
by a focused beam of positively charged particles, the so-called
focused-ion-beam induced deposition (FIBID) [20]. A very
promising development of FIBID is based on Ga* ions. Func-
tional 3D nanomaterials have been grown by Ga* FIBID in the
last decade [21-26]. In particular, Ga* FIBID in combination
with W(CO)¢ as precursor material yielded 3D supercon-
ducting W-based wires with a critical temperature (7)) below
5 K and a critical magnetic field (upH:2(0)) up to 9.5 T [14-16].
Alternatively, in combination with Nb(NMe;)3(N-7-Bu),
Ga™ FIBID yielded NbC wires with a broadened T range from
4 to 11 K [18]. One significant limitation is that 3D elements
below 100 nm in diameter cannot be obtained with Ga* FIBID,
mainly due to the relatively large Ga* beam diameter
(approx. 5 nm) and a high proximity effect generated by Ga™

ion scattering.

Regarding a higher spatial resolution, the helium ion micro-
scope (HIM) [27], based on a gas field-ionization source, has
emerged as a tool for direct writing of complex 3D nano-objects
taking advantage of its small beam diameter (approx. 0.3 nm)
and low proximity effect [28]. When precursor molecules from
the gas phase are adsorbed on a substrate surface, He* FIB
dissociates them into non-volatile and volatile products. The
non-volatile products attach to the surface, resulting in a

deposit, whereas the volatile products ones are pumped out of

the process chamber. Normally, the final deposit is a mixture of
carbon, metallic elements and oxygen. As clearly described
using analytical modelling [29] and Monte-Carlo simulations
[30], the vertical growth of 3D nano-objects by He* FIBID is
mainly caused by secondary electrons of the first order pro-
duced from the primary ion beam, whereas the lateral growth is
induced by secondary electrons of the second order generated
from scattered ions. Thus, the direct contribution of the primary
He" ion beam and the scattered He* ions is almost negligible
for the growth of these 3D nano-objects. Nevertheless, it is
worth mentioning that its resolution, volume per dose and
throughput are very sensitive to the selected growth conditions
such as ion beam energy, ion beam current, precursor flux, sur-
face interactions with the beam, and precursor molecules
[29,30]. Hence, the He* FIBID technique is highly recom-
mended for direct writing of 3D nano-objects with high resolu-
tion and aspect ratio [17,19,31-35]. A successful example of
tailored 3D nano-objects grown by He™ FIBID has been re-
ported by Kohama and co-workers [35]. The authors deposited
W-based pillars with diameters down to approx. 40 nm and
aspect ratios of approx. 50. The microstructure of the grown
material consisted of fcc WC;_, and W,(C,0) grains. More-
over, when the He™ beam was well focused the authors ob-
served columnar voids created at the center of the pillars with a
diameter ranging from 1 to 15 nm, showing the path to build
complex 3D nano-objects beyond standard nanowires (NWs).
Recent breakthroughs in the growth of 3D WC supercon-
ducting nano-objects with extremely large aspect ratios using
He" FIBID have been reported by some of the authors, such as
hollow NW-like nanotubes as small as 32 nm in diameter [17]
and nanohelices with controllable geometries, including the
smallest and most densely packed nanohelix to date with a di-
ameter of 100 nm [19].

In this work, we present the direct writing of 3D WC crys-
talline superconducting hollow NWs with tailored diameters
grown using a HIM. The hollow NW geometry is successfully
controlled by tuning the ion beam current and dose from 0.65 to
7 pA and from 0.1 to 0.4 nC, respectively, resulting in NWs
with outer diameters from 36 to 142 nm and with inner diame-
ters from 5 to 28 nm, and total length from 0.5 to 8.9 um
(aspect ratio = 196). These values are significantly better than
those reported in previous works [17,35]. The NWs microstruc-

ture consists of large grains of fcc WCj_,, in good agreement
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with [17,35]. In addition, the NWs are hollow along the whole
NW length, which could make them nonconventional
nanopipettes, as demonstrated in 3D reconstructions of electron
tomography experiments. Finally, these 3D hollow NWs exhib-
it superconductivity below 6.8 K (7¢), as well as high upper
critical magnetic fields ugH., = 14.7 T, and large critical cur-
rent densities J, ~ 0.15 MA/cm?.

Results and Discussion
Growth of 3D hollow nanowires by He* FIBID

We use a HIM in combination with a W(CO)g precursor to
grow individual, out-of-plane WC NWs in a single step,
controlling inner and outer diameter and total length. The pre-
cursor gas is delivered to the process chamber and adsorbed
onto the substrate surface, while the He™ FIB spot remains fixed
during the deposition favoring continuous vertical growth
along [17].

Dimensional control for nanowires
We investigated the dimensional control for these NWs by opti-
mizing in the deposition the following parameters: the ion beam
current and ion dose. SEM images of typical NWs grown with
ion beam currents ranging from 0.54 to 6.47 pA and doses from
0.1 to 1.4 nC are depicted in Figure 1a—d.

Varying these parameters enables us to fabricate 3D NWs
with diameters ranging from 45 to 125 nm, lengths ranging
from 0.5 to 8.9 um, and with aspect ratios up to 198. Further
details regarding the growth conditions are described in the
Experimental section. We found a linear dependence of the NW
volume (determined as m X (outer diameter/2 — inner
diameter/2)? x height) as a function of the ion dose for the
mentioned ion beam currents (Figure 1e). Moreover, we noted
that the NW volume rapidly decreases as a function of the ion
beam current for the same dose (Figure 2). When using high
currents several effects can play a role in this dependence such
as precursor depletion, local heating, which decreases the pre-
cursor molecule sticking coefficient, and low precursor diffu-
sion from the substrate to the top of the pillar [36,37]. This
shows the need for future systematic experiments varying the
dwell time in pulsed growth or varying the flux of precursor
gas.

(High-resolution) scanning transmission
electron microscopy

Dependence of NW inner diameter on the ion beam
current

To investigate the dependence of the NW inner diameter on the
ion beam current, scanning transmission electron microscopy
(STEM) experiments were performed. We found that inner di-
ameter of the hollow NWs changes from 5 to 28 nm, whereas
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Figure 1: (a—d) SEM images of hollow NWs grown by He* FIBID;

(a) ion beam current: 0.54 pA, dose: 0.1-0.3 nC from right to left;

(b) ion beam current: 1.17 pA, dose: 0.1-0.6 nC from left to right and
upwards; (c) ion beam current: 2.91 pA, dose: 0.1-0.6 nC from left to
right and upwards; (d) ion beam current: 6.47 pA, dose: 0.229, 0.456,
0.696, 0.935, 1.158, and 1.402 nC from left to right and upwards.

(e) NW volume in (a) as a function of the ion beam dose.

the outer diameter changes from 36 to 143 nm upon increasing
the ion beam current from 1.3 to 7 pA. STEM images of these
hollow NWs are shown in Figure 3a. The observed non-uniform
shape of the cavity in the central nanowire could be explained
by several reasons, such as He* FIB instability or irregular sub-
strate surface. We find a linear dependence of the inner diame-
ter on the ion beam current (Figure 3b), which indicates that the
ion beam forms the cavity due to a milling effect. Thus via
tuning the ion beam current and dose we have full control to
tailor the diameters of the hollow 3D NWs. The specific deposi-
tion parameters and NW diameters are listed in Table 1.
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Figure 2: NW volume for a specific dose, as a function of the ion beam
current.

Table 1: Growth parameters and diameters of hollow WC NWs.

hollow nanowire type 1 2 3
ion beam current (pA) 1.3 2.3 7.0
outer diameter (nm) 36 71 142
inner diameter (nm) 5 9 28

Electron tomography

In order to further examine the NW diameters along their
length, electron tomography experiments on two specific NWs
were carried out. Figure 4 shows the tomographic reconstruc-
tion of hollow WC NWs grown at (a) 7 pA and (b) 2 pA. One
can see from the images that the cavities are present up to the
tip of the NW. On the left panel of Figure 4a, a STEM image of
the NW with outer and inner diameter of 142 and 28 nm, re-
spectively, is shown. On the right panel, a snapshot of the
colored 3D tomographic reconstruction is depicted. Figure 4b
shows a STEM image of the NW with outer and inner diameter
of 77 and 8 nm, respectively, on the left panel, and a snapshot
of the colored 3D tomographic reconstruction is displayed on
the right panel. Three movies of the tomographic reconstruc-
tion for each hollow NW are added in Supporting Information
File 1-7, including a transversal (x—y) and a longitudinal (y-z)
section, and a colored three-dimensional reconstruction.

Microstructure

Concerning the microstructure of the NWs, high-resolution
scanning transmission electron microscopy (HRSTEM) images
have been acquired sequentially and processed to extract the
crystallographic structure (Figure 5). We indexed the spots indi-
cated in the fast Fourier transform (Figure 5b) of the image in
Figure 5a with the planes (-11-1), (-200) and (—1-11), and the
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Figure 3: (a) STEM images of hollow NWs grown at 1.3, 2.3, and
7 pA, from left to right. (b) NW diameter in (a) as a function of the ion
beam current.

[011] zone axis of the WC/_, fcc structure, with a lattice param-
eter of a = 0.4272 nm. A lower magnification STEM image of
the NW grown at 1.3 pA is depicted in Figure 5c. These results
are in good agreement with the previous work reported by some
of the authors [17].

Magneto-electrical-transport study

To determine the critical superconducting parameters in NWs
grown at 0.65, 1.3, and 2.18 pA (Figure 6 and Table 2), a
magneto-electrical transport study using the typical four-point-
probe configuration has been performed. Following the
procedure described in [17], first 3D NWs were placed flat on
the SiO, layer of a Si/SiO; substrate by means of a
nano-manipulator. Then, four Pt FIBID contacts were grown to

connect the NWs to pre-patterned Ti pads. Finally, we made
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Figure 4: (a) Tomography of a hollow WC NW grown at 7 pA, with an outer diameter of 142 nm and an inner diameter of 28 nm; left panel: STEM
image, right panel: snapshot of the 3D tomographic reconstruction. (b) Tomography of a hollow WC NW grown at 2 pA, with an outer diameter of
77 nm and inner diameter of 8 nm; left panel: STEM image, right panel: snapshot of the 3D tomographic reconstruction.

Figure 5: (a) HRSTEM image of a typical hollow WC NW grown at 1.3 pA. (b) Fast Fourier transform of the image in (a), showing the crystalline
nature of the material and indexed as the [011] zone axis of the fcc WC1_ structure. (c) Lower magnification STEM image of the WC NW in (a).

four-point-probe electrical measurements at low temperature
(down to 0.5 K) and under a magnetic field perpendicular to the
substrate plane (up to 9 T).

The NWs change from the normal to the superconducting state
at T, (0.5Ry) values between 5.45 and 6.78 K (Figure 6a and
Table 2). No clear trend was visible in T, values for NWs

grown using different currents, although the identified 7, range
is in good agreement with the previously reported results [17].
Also, it is up to 1.5 times higher than that of Ga™ FIBID nano-
structures of similar dimensions [9]. The inset of Figure 6a
shows the measured resistance as a function of the temperature
in the full temperature range investigated for a NW grown at
0.65 pA. The value of pgH,, as a function of the temperature
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Figure 6: (a) Normalized resistance as a function of the temperature of
hollow NWs grown using ion beam currents indicated in the legend. Ry
is the resistance for the normal state at T = 10 K. The inset shows the
resistance as function of the temperature (full range) for a NW grown
at 0.65 pA, Ipias = 100 nA. (b) Upper critical magnetic field (pgHc2) as a
function of the temperature of NWs grown using ion beam currents in-
dicated in the legend. Data is fitted to a power-law equation. The inset
shows the resistance as a function of the temperature for a NW grown
at 0.65 pA under perpendicular magnetic fields from0to 9 T.

for NWs grown at 0.65 and 1.3 pA is depicted in Figure 6b.
The values of pgH.» (0.9RyN) are extracted from the
resistance-vs-temperature curves under perpendicular magnetic
field (inset of Figure 6b). By fitting ugH(7) to a power-law
equation poHo(T) o< (1 =T/T.)", upH2(0 K) is estimated to be
approx. 14.5 T for the different NWs. The coherence length, &,
at 0 K is around 4.77 nm and the estimated magnetic field pene-
tration depth, A, [38,39] ranges from 720 to 874 nm. Additional-
ly, J. (0.6 K, 0 T) is approx. 0.15 MA/cm?.

Summarizing, the estimated superconducting parameters (7,
uoHco, Je, € A) for these NWs (Table 2) are mostly compatible
with those reported for He FIBID out-of-plane WC nanotubes

Beilstein J. Nanotechnol. 2020, 11, 1198-1206.

Table 2: Superconducting parameters of NWs estimated from experi-
mental magneto-transport measurements.

hollow

nanowire type 1 2 3
ion beam 0.65 1.30 2.18
current (pA)

outer diameter 36 4 72
(nm)

AN (Q) 1959 2101 430
T¢ (K) 6.78 6.16 5.45
HoHco (0 K) (T) 14.66 14.48 —
Jo(0T) 0.083 (0.6 K) 0.151 (0.6 K) 0.026 (1 K)
(MA/cm?)

€ (0 K) (nm) 4.74 4.77 —

A (0 K) (nm) 839 720 874

[17], nanohelices [19], and in-plane NWs used in hybrid micro-
wave resonators [40]. They are potential building blocks for
highly packed 3D nano-resonators, superconducting logic gates
[41], quantum switches [42], and single-photon detectors
[43-45].

Conclusion

We report a direct writing methodology to create 3D supercon-
ducting hollow NWs with tailored diameters using W(CO)q pre-
cursor with a highly focused He* beam. The resulting 3D
hollow NWs have inner and outer diameters from 5 to 28 nm
and from 36 to 142 nm, respectively, and aspect ratios above
196, which is unachievable by other additive manufacturing
methods. The electron tomography study proved that the center
hole is present along the whole length of the NWs.

As expected, the microstructure corresponds to the fcc WC/_,
phase. By studying their magnetotransport properties, we found
T.~ 6.8 K, as well as poHep ~ 14.7 T and J, ~ 0.15 MA/cm?2.
The presented methodology yields an advanced bottom-up ap-
proach for the fabrication of innovative 3D nano-architectures,
in which nano-superconductivity may provide an advantage, for
future electronic components, particularly for sensors, energy-
storage components, and quantum computing.

Experimental

Growth of 3D hollow WC nanowires

He" FIBID hollow WC NWs have been fabricated in a ZEISS
ORION NanoFab instrument equipped with a helium ion beam
column and a single-needle gas injection system (GIS) through
which W(CO)g gas is delivered to the process chamber.

The NWs were deposited on top of the pre-patterned Ti pads
(150 nm in thickness) to prevent charge effects on the insulator
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layer (250 nm thick of SiO,) thermally grown on a silicon wafer
[23]. These chips were fabricated following a routine recipe for
UV optical lithography using a lift-off method. For the electron
tomography and (HR)STEM experiments, NWs were directly
grown on Cu TEM grids. Typical deposition conditions used for
the He* FIBID process were as follows; precursor material:
tungsten hexacarbonyl, W(CO)g; Tprecursor = 55 °C;
GISpeedle diameter = 500 pm; GIS; = 500 pm; GISyy, ~ 60 um;
Ppase ~ 3 x 1077 mbar; Pprocess = 4 X 107% mbar; acceleration
voltage = 30 kV; pattern shape: spot mode; ion beam current
range of 0.54 to 6.47 pA and dose range of 0.1 to 1.4 nC.

Microstructure and tomography at the
nanometer-scale

Scanning transmission electron microscopy (STEM) imaging
and EDS were carried out in a probe-corrected FEI Titan
60-300 operated at 300 kV and equipped with a high-bright-
ness X-FEG and a CETCOR Cg corrector for the condenser
system to provide sub-angstrom probe size.

STEM high-angle annular dark-field (HAADF) tomography
was performed using a Thermo Fisher Tecnai field-emission
gun operated at 300 kV. The angular range for the tilt series was
+70° with pictures taken every 1°. Image alignment and 3D
reconstruction was carried out with FEI tomography acquisi-
tion software Inspect 3D after the acquisition of 140 images.
The movies of the tomographic reconstruction for each hollow

NW were performed using Amira 3D software.

Magneto-electrical transport study

The magneto-electrical transport measurements on the NWs
were carried out using a "Physical Property Measurement
System" (PPMS), from Quantum Design equipped with a

helium-3 refrigerator insert.

Supporting Information

Movies of 3D tomographic reconstruction.
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Electron tomography_3D reconstruction_hollow NW
grown at 2 pA and 0.6 nC.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-104-S1.wmv]

Supporting Information File 2

Electron tomography_3D longitudinal_hollow NW grown
at 2 pA and 0.6 nC.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-104-S2.wmv]
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grown at 2 pA and 0.6 nC.
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Supporting Information File 4

Electron tomography_transversal section_hollow NW
grown at 2 pA and 0.6 nC.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-104-S4.wmv]

Supporting Information File 5

Electron tomography_3D reconstruction_hollow NW
grown at 7 pA and 1.009 nC.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-104-S5.wmv]

Supporting Information File 6

Electron tomography_3D longitudinal_hollow NW grown
at 7 pA and 1.009 nC.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-104-S6.wmv]

Supporting Information File 7

Electron tomography_transversal section_hollow NW
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In this work, we report on the integration of an atomic force microscope (AFM) into a helium ion microscope (HIM). The HIM is a

powerful instrument, capable of imaging and machining of nanoscale structures with sub-nanometer resolution, while the AFM is a

well-established versatile tool for multiparametric nanoscale characterization. Combining the two techniques opens the way for

unprecedented in situ correlative analysis at the nanoscale. Nanomachining and analysis can be performed without contamination of

the sample and environmental changes between processing steps. The practicality of the resulting tool lies in the complementarity

of the two techniques. The AFM offers not only true 3D topography maps, something the HIM can only provide in an indirect way,

but also allows for nanomechanical property mapping, as well as for electrical and magnetic characterization of the sample after

focused ion beam materials modification with the HIM. The experimental setup is described and evaluated through a series of

correlative experiments, demonstrating the feasibility of the integration.

Introduction

Shortly after the invention of the atomic force microscope
(AFM) in 1986 [1], efforts were made towards combining this
scanning probe microscopy technique with electron beam and
ion beam techniques for correlative nanoscale characterization
and nanoscale fabrication. The motivation was driven by the

new opportunity to investigate and transform features in situ

with complementary techniques, thus revealing maximum infor-
mation without breaking the vacuum. The scanning electron
microscope (SEM) was first combined with scanning tunneling
microscopy (STM) [2,3], allowing for the visual observation at
the tip—sample interaction point with the SEM. Later, Ermakov
et al. [4] successfully integrated an AFM into an SEM for the
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first time, enabling correlative imaging on electrically insu-
lating samples. In this first attempt, the readout of cantilever
deflection was achieved using the electron beam itself. Shortly
after, better performing combined setups were described
utilizing more conventional self-sensing [5] and optical [6]
techniques for the readout of cantilever deflection. Since then,
more advanced and versatile combined instruments have been
proposed for a broad spectrum of applications in nanoscale
characterization and nanoscale fabrication inside SEM and
focused ion beam (FIB) setups [7-11].

Given the extent of the interest sparked by SEM/FIB-AFM
systems, it is reasonable to assume that the most recent ion
beam microscope, the helium ion microscope (HIM), would be
a serious contender for the use in combined setups in conjunc-
tion with AFM. Introduced by Ward et al. [12], the imaging
capability of the HIM surpasses that of the SEM in terms of
lateral resolution, depth of field, surface sensitivity, and ability
to image electrically insulating samples [13]. Furthermore,
nanoscale structuration with noble gas ions can yield sub-10 nm
structures without unwanted metal ion implantation, a sizeable
advantage over traditional gallium-ion FIBs. The resulting
combined AFM-HIM instrument would, therefore, profit from
the sub-nanometer lateral resolution of the HIM and the atomic
resolution in the vertical axis of the AFM, proving particularly
powerful for high-resolution correlative characterization of non-

conductive samples.

With the integrated electron flood gun (FG) of the HIM provid-
ing charge neutralization, uncoated polymers and biological

cradletilt [~
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samples can be imaged with high resolution while the AFM
would bring complementary information such as laterally
resolved mechanical properties. These multiparametric
measurements have previously been difficult to obtain as sam-
ple preparation of such samples for SEM or TEM are often
incompatible with the needs of high-resolution AFM measure-
ments.

AFM is also useful in assisting helium ion beam lithography.
Many resists, including poly(methyl methacrylate) (PMMA),
have higher sensitivities to helium ion irradiation than to elec-
tron irradiation in terms of charge per area [14]. Patterning reso-
lution down to 4 nm has been demonstrated on HSQ resist [15],
surpassing electron beam lithography, which greatly suffers
from the proximity effect. In a combined AFM-HIM setup, the
AFM could be used, in situ, in between exposures to assess the
shrinkage, stiffness change or sputtering of the resist. More ap-
plications such as conductive AFM, piezo-force microscopy or
magnetic force microscopy are within reach of the presented
technology and would make AFM-HIM appealing to the micro-

electronics and materials research community.

Instrumentation

Spatial constraints inside SEMs and ion microscopes often
dictate the feasibility of the integration of the AFM. Compact
AFM setups have to fit around the host microscope as not to
hinder excessively its capabilities. The reported AFM integra-
tion is depicted in Figure 1. The prototype tip-scanning AFM
scan head is designed explicitly for correlative analysis inside
electron and ion-beam microscopes. Unlike sample scanning

" AFM approach

AFM
~ XY coarse stage
mounting

bracket
~ set-screws (8x)

HIM pole-piece
AFM cantilever

specimen

stage cradle

Figure 1: AFM assembly and integration inside a Zeiss ORION NanoFab helium ion microscope. a) Simplified CAD rendering of the AFM assembly
mounted onto the HIM cradle and b) detailed view of the AFM scan head with a 2 EUR coin for scale. c) Annotated photograph of the AFM assembly

and d) after being mounted inside the chamber of the HIM.
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solutions [9,16], where the sample is raster-scanned relative to a
stationary cantilever, a tip-scanning configuration [10,17]
requires no alteration of the sample stage and has the advantage
of having the sample stationary within the field of view of the
HIM during AFM imaging. The scanner is a flexure design with
serial kinematics [18] and the cantilever is mounted at the end
of a low-profile protruding z-flexure, which fits seamlessly be-
tween the pole piece and the sample. The assembly is made
from grade-5 titanium (Ti-6Al-4V) and the three axes of motion
are actuated by stack-piezo actuators, offering an achievable
scan range of 30 X 30 X 12 um.

The reported AFM uses a self-sensing readout for measuring
cantilever deflection [19]. Although optical beam deflection
(OBD) techniques are traditionally preferred for their lower
noise, they require bulky components and precise optical align-
ment. Prohibitively large instruments with optical readout are
difficult to integrate into electron or ion microscopes and
re-alignment of the optics is very impractical, as it requires the
user to vent the chamber. Using self-sensing readout addresses
these concerns [5,10,17] and also significantly improves the
usability of the correlative instrument for users outside of the
AFM community. The reported AFM uses silicon cantilever
probes with boron-doped 1 k€2 sensing elements, connected in a
Wheatstone bridge configuration with aluminum tracks [20,21]
and with single crystal diamond (SCD) tips that are commer-
cially available (SCL-SensorTech Fabrication GMBH, Vienna,
Austria). The SCD tips (tip radius below 15 nm, height
12-16 um), which are glued to the cantilevers, offer high aspect
ratio and excellent resistance to wear [22]. Because tip wear is
the main cause of cantilever failure, and because cantilever
exchange in the HIM requires the user to vent the chamber,

wear resistance is critically important.

To maneuver the AFM relative to the sample and the ion beam,
the AFM is mounted onto a coarse stage consisting of a custom-
built XY stick—slip positioner, which in turn is attached to a
vertical approach mechanism built around a linear, stick—slip
piezo actuator (Picomotor™ 8301-UHV, Newport Corporation,
CA, USA). The AFM assembly tilts together with the sample
stage. The three orthogonal translational degrees of freedom of
the sample are decoupled from the AFM coarse positioning
stage, as shown in Figure 1a. The integration of the AFM into
the HIM requires no alteration of the HIM microscope stage.
The AFM assembly is positioned onto the HIM cradle and
secured with set screws pressing firmly on the sides of the
cradle. Electrical connections necessary for AFM operation are
cabled through a CF40 flange. After opening the microscope
door, the AFM head can be removed seamlessly from the
chamber for cantilever exchange thanks to a spring-loaded kine-

matic mount.

Beilstein J. Nanotechnol. 2020, 11, 1272-1279.

Operating the AFM inside the HIM chamber has drawbacks
regarding resolution and noise performance. Ideally, the me-
chanical loop between the cantilever probe and the sample
needs to be compact and stiff for optimal AFM performance.
The mechanical loop for the reported tip-scanning AFM
includes the AFM scan head, coarse stage and stationary sam-
ple stage. However, after integration with the HIM, stiffness is
degraded through the incorporation of the HIM cradle, the four-
axis sample stage, and the mounting bracket to the mechanical
loop. This reduces rigidity and makes the AFM more suscep-
tible to vibrations present inside of the HIM chamber.

The AFM and motorized coarse stages are controlled with a
custom-made AFM software [23], a standalone FPGA (USB-
7856R OEM, National Instruments, Austin TX, USA), a high-
voltage piezo amplifier (Techproject, Vienna, Austria) and a
stick—slip controller (8742-4 PicomotorTM drive, Newport
Corporation). The AFM can operate in contact mode and in an
off-resonance mode based on force—distance curves [24]. In this
off-resonance mode, which we refer to as off-resonance tapping
(ORT), the cantilever is moved sinusoidally up and down the
sample using the z-piezo of the scanner, causing intermittent
contact between the cantilever and the sample [25]. The
maximum interaction force is computed and used as feedback
by the controller, providing fine force control, reducing shear
forces and thus preserving the tip and the sample [26,27]. Oper-
ating in ORT mode instead of amplitude-modulation AFM
(AM-AFM) is particularly advantageous in vacuum, where the
Q-factor of the cantilever is about one order of magnitude
higher than in air. Indeed, AM-AFM imaging bandwidth is
inversely proportional to the Q-factor [28] and is therefore very
slow in vacuum [29]. In ORT, the tapping rate is a least one
order of magnitude below the first resonance of the cantilever
and hence the enhancement of the Q-factor in vacuum is less
detrimental to the achievable scan speed.

Results

The system has been experimentally tested on a variety of sam-
ple surfaces in contact and off-resonance imaging modes,
demonstrating the feasibility of the integration through a series
of three experiments. Correlative AFM and HIM imaging is
demonstrated in Figure 2 by imaging silicon nanopillars [30].
The HIM offers a large field of view, which allows for the can-
tilever to be navigated onto the region of interest (Figure 2b,c)

to perform AFM topography imaging (Figure 2d).

PMMA has traditionally been used as a positive resist in elec-
tron beam lithography. Helium ion beam lithography has
emerged as a powerful technique to achieve even smaller fea-
ture size thanks to higher resist sensitivity, reduced proximity

effect and small spot size [15]. Upon ion beam exposure, chain
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Figure 2: Correlative imaging in process on silicon pillars. a) Optical image showing how the AFM cantilever is positioned at the end of a low-profile,
overhanging structure, which fits between the pole piece and the sample. b, ¢) The cantilever (colorized in purple on the HIM images) can be navi-
gated by making use of the large FOV image provided by the HIM. d) AFM height image of Si nanopillars taken in off-resonance tapping mode. Scale

bar 5 pm.

scission occurs leaving the exposed region soluble in a suitable
developer. Very high ion doses also break short side chains that
later cross-link, allowing PMMA to be also used as a negative
resist [31]. Chain scission leads to volume loss through the
release of gas molecules, and this leads to the shrinkage of
exposed PMMA [32], which can be easily quantified using
AFM. In a second experiment, we tested the effect on a PMMA
thin film exposed to different doses under the focused He ion
beam. Figure 3a and Figure 3b show two AFM topography
images of PMMA exposed to a dose of 1 x 10!3 ¢cm™2 and
3 x 1013 cm™2 30 keV He ions, respectively, as well as the cor-
responding height profiles of the irradiated PMMA surface.

Focused ion beam damage and implantation can hinder the
imaging and nanoscale fabrication capabilities of the HIM [33]
and studying these local defects created at the micro- and nano-

scale can provide valuable information towards understanding
these limitations. For example, a focused helium ion beam can
locally destroy the crystalline structure of silicon and lead to the
growth of amorphous silicon bubbles at the surface [34].
Furthermore, focused helium ion beam exposure inside a HIM
can be used as a way of locally replicating the harsh radiation
conditions found in nuclear fission and fusion reactors, to study
the response of structural materials used in the reactors [35].
We characterized the defects caused by He ion exposure in a
correlative AFM—HIM experiment. Amorphous silicon bubbles
are created on a crystalline silicon substrate through point expo-
sition with the HIM at 25 kV and 14 pA using doses between
4.2 x 108 and 4.2 x 10° He ions (Figure 3). He ions penetrate
deep into the silicon and lead to the formation of microscale and
nanoscale bubbles, which coalesce and ultimately result in the
formation of a large silicon bubble in the amorphized silicon.

-30nm

Oum S5um  Oum

S5um

Figure 3: AFM height images of poly(methyl methacrylate) after exposure to a) 1 x 1013 and b) 3 x 1073 He ion cm~2. The images were taken in con-
tact mode, scale bar 4 pm. c) Silicon bubbles imaged with HIM (scale bar 1 pm) and d) AFM (off-resonance tapping mode).
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The resulting 3 X 3 bubble grid is imaged with HIM (Figure 3c)
and AFM (Figure 3d) to reveal the height and volume of the
features.

Discussion

For the successful integration of two different microscopy tech-
niques, they should be both complementary and compatible.
The techniques should, on the one hand, be sufficiently differ-
ent so that the combination creates real added value. On the
other hand, the application space of the techniques should have
sufficient overlap so that a meaningful correlation can be estab-
lished in space and time. One requirement for compatibility is
that the AFM can operate in an ultra-high vacuum (UHV) envi-
ronment, a prerequisite for the HIM. This requirement puts ad-
ditional restrictions on the AFM. In our AFM design, we
accounted for this already in the mechanical design (avoidance
of trapped air pockets, no lubricants, UHV-compatible motors)
as well as in the assembly by using, wherever possible, Kapton
flex-PCBs or scarcely outgassing Teflon-coated wires. It is also
critical that the AFM, the coarse stage, and the mounting
elements are thoroughly cleaned before assembly and that
assembly and storage are carried out in a clean environment.
Disassembly and thorough cleaning of all the components prior
to integration into the HIM was inadequately performed, which
resulted in an inferior chamber vacuum pressure of
6.12 x 1077 mbar after overnight pumping, although normal
HIM operation remained possible for our experiments. We
strongly believe that if cleaning and storing recommendations
are followed, the system vacuum would drastically improve,
reaching more than adequate vacuum levels. It should also be
noted that our AFM system is not compatible with baking the
system at high temperatures above 100 °C since this would

result in irreversible damage to the piezo actuators.

Another requirement for compatibility is that the two tech-
niques can use samples prepared in the same way. For AFM and
HIM, this is particularly advantageous since both can image
non-conductive samples at very high resolution without
charging. This is essential for correlative mechanical property
and HIM surface imaging, and it is a clear advantage of
AFM-HIM compared to AFM-SEM, where a conductive
coating is often necessary for high-resolution SEM imaging.

The other aspect necessary for a useful integration of two tech-
niques is that they are sufficiently complementary to each other
to warrant the additional effort. While both AFM and HIM can
yield images with very high resolution, the two techniques do
have very different strengths. The HIM, for example, has a very
good lateral resolution and a large depth of field, which makes
it well suited for imaging high aspect ratio structures. The

Z-resolution of the method, however, is less accurate, since the

Beilstein J. Nanotechnol. 2020, 11, 1272-1279.

height of objects has to be reconstructed from two tilted images.
AFM, on the other hand, has its highest resolution in the
Z-direction, and profiles or volumes can be accurately extracted
(see Figure 3d). The depth of field is, however, limited and the
maximum slope of the sample that can be faithfully measured is
dictated by the aspect ratio of the tip [36]. The true strength of
the integrated setup is the combination of sample modification
by the He ion beam and the multiparametric characterization of
sample properties using AFM. In Figure 3, we showed a basic
application where we characterized the effect of ion-beam radi-
ation on the topography of the photoresist PMMA. Many more
examples can be envisioned. The He ion beam is known to
change the mechanical [37], electrical [38], and magnetic prop-
erties of materials [39]. AFM can be used to measure mechani-
cal properties using contact resonance [40,41] or off-resonance
tapping techniques [24] with very high resolution. Magnetic
properties of nanostructures can be measured using magnetic
force microscopy (MFM) [42], and a host of AFM techniques
are available to measure electrical properties of samples
(e.g., conductive AFM (cAFM) [43], scanning capacitance
microscopy (SCM) [44], and spreading resistance microscopy
(SSRM) [45]). While the implementation of these different
imaging modes will require some additional modifications to
our existing instrument, the path towards achieving such a
truly multi-physics characterization and manipulation tool
by combining advanced AFM with HIM can clearly be envi-
sioned.

One aspect where HIM and AFM are, however, not well
matched is in the image acquisition time. The relatively long
time required for an AFM image (several minutes) has been a
severe disadvantage when combining it with other electron or
ion-beam microscopes. The same limitation exists for the com-
bination of AFM and HIM. While much progress has been
made towards increasing the imaging speed of AFM [46-50],
most of this progress has been limited to imaging in liquid, due
to the inherent bandwidth limitation of cantilevers when using
them in dynamic mode in vacuum. Recent signs of progress in
cantilever materials have shown the potential to increase the
imaging speed of AFM also in ambient air or vacuum [51-53].
These approaches could also be implemented for the combined
AFM-HIM instrument, thereby holding promise for interactive
use of AFM and HIM at similar size- and time-scales.

Conclusion

We have demonstrated the integration of an atomic force micro-
scope into a helium ion microscope. Correlative measurements
of AFM topography with He ion imaging and modification
demonstrate the feasibility of this integration. The complemen-
tarity of the two methods in terms of vertical and lateral resolu-

tion, nanoscale machining, and measurement of physical prop-
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erties of the sample will allow for a multi-physics investigation
in many areas of materials science and technology, such as
energy materials, magnetic nanostructures, and (bio-)compos-

ites.

Experimental

All AFM measurements were taken using silicon piezo-resis-
tive self-sensing cantilevers (PRS-L100-F400-SCD-PCB SCL-
SensorTech Fabrication GMBH, Vienna, Austria) with a spring
constant of ca. 100 N/m, and a footprint of 110 X 48 um.
Imaging gains on the custom-made controller were adjusted as
high as possible before significant oscillations were seen. AFM
images were processed in the software Gwyddion [54]. Pixels
were squared to account for X-Y pixel size mismatch when
necessary, the background was flattened and a conservative
de-noising filter was applied. Finally, hysteresis correction was
performed in MATLAB using closed-loop sensor data obtained
prior to imaging on the AFM scan head.

For Figure 2, the AFM image shown was recorded at 300 mHz
line rate at a resolution of 1024 pixels and 512 lines and over a
scan range of 30 X 30 um. The imaging mode used was off-
resonance tapping (ORT) at a tapping rate of 2 kHz and a
tapping amplitude of 600 nm. For Figure 3a and Figure 3b, the
images were taken in contact mode at 500 mHz line rate and
1 Hz line rate respectively. Additionally, to the processing de-
scribed in detail above, the two images were cropped and
rotated to obtain the final images (the original images are
17.8 X 17.8 um and 16.6 x 16.6 um, respectively, and each is
512 x 512 pixels). An additional 2-dimensional FFT filtering
was applied to correct for the main mechanical vibrations in the
two original images. The AFM image in Figure 3d is obtained
in ORT at 2 kHz tapping rate, 600 nm amplitude and 200 mHz
line rate. The scan range is 9.7 X 7.3 um and the image size is
512 x 386 pixels.
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Helium ion irradiation is a known method of tuning the electrical conductivity and charge carrier mobility of novel two-dimen-
sional semiconductors. Here, we report a systematic study of the electrical performance of chemically synthesized monolayer
molybdenum disulfide (MoS,) field-effect transistors irradiated with a focused helium ion beam as a function of increasing areal ir-
radiation coverage. We determine an optimal coverage range of approx. 10%, which allows for the improvement of both the carrier
mobility in the transistor channel and the electrical conductance of the MoS,, due to doping with ion beam-created sulfur vacancies.
Larger areal irradiations introduce a higher concentration of scattering centers, hampering the electrical performance of the device.
In addition, we find that irradiating the electrode—channel interface has a deleterious impact on charge transport when contrasted
with irradiations confined only to the transistor channel.

Introduction

Layered two-dimensional (2D) semiconductors have come to
the fore in recent years as promising candidates for the imple-
mentation of flexible, transparent, and low-power electronics. In
particular, transition metal dichalcogenides (TMDs), such as
molybdenum disulfide (MoS,), have demonstrated impressive

on/off ratios (approx. 107) in field-effect transistors (FETs),

while maintaining carrier mobilities that may be adequate for
commercial applications [1,2]. At the same time, advances in
chemical vapor deposition (CVD) techniques have allowed for
the reliable millimeter-scale synthesis of well-performing
monolayer TMD films [3-5], leading to viable large-scale inte-

gration of on-chip TMD FETs. With device miniaturization, it
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becomes key to understand the impact of defects such as
chalcogen vacancies on the electrical transport properties of
FETs based on 2D semiconductors. This is particularly crucial
for device applications in radiation-rich environments (e.g.,
space satellite technologies), since defects can be introduced by
ionizing particle irradiation while the devices are in continuous
operation.

Recently, noble gas ion beam irradiation has opened the field to
the exploration of nanometer-scale structural modifications of
TMD devices [6-8]. The localized formation of defects by
focused ion beam irradiation has been shown to induce unusual
electronic properties in monolayer TMDs, such as pseudo-
metallic phase transitions in MoS, and WSe; [9,10], resistive
switching in MoS, [11], as well as enhanced out-of-plane
charge transfer in 2D graphene/WSe, heterostructures [12].
Energetic light ions are known to preferentially sputter
chalcogen atoms from TMDs while retaining an adequate
micrometer-scale structural integrity for irradiation doses up to
approx. 1010 ions ecm™2 [13-17], as well as good electrical
conductivity for up to approx. 10'® jons cm™2 [9,10,18]. Sulfur
vacancies (SVs) and the formation of a dislocation—divacancy
complex can lead to significant n-doping in MoS; [19], which
shifts the threshold voltage (Vi) of the FET to higher negative
gate biases [20,21]. These complex states may also improve the
carrier mobility across a given gate bias range by forming stable
impurity bands near the conduction band [22]. Some theoretical
studies suggest, however, that individual SVs ought to act as
electron acceptors in MoS; [23,24]. As the spread of a typical
focused He™ ion probe is several nanometers, the formation of
other defects in the irradiated 2D crystal lattice is also expected
[25,26], which may bring about the often-observed negative
shifts of the MoS; FET threshold voltage after ion irradiation.
Such n-type doping behavior achieved by selective ion sput-
tering in thin film transistors has also been observed in He*-
irradiated InGaZnO devices [27]. This irradiation-induced
carrier activation depends not only on the fluence of the ion
beam, but also on the absolute number of defects that can be
introduced. Therefore, the creation of defects in TMD FETs
may serve to improve charge transport and tune the device per-
formance [10,20,28], while the effective donor concentration
and the introduced scattering potentials need to be tailored ac-
cordingly [29,30]. Thus far, these studies have focused either on
spatially confined defect generation, or full-channel modifica-
tions in TMD FETs. A research space exists for exploring the
intermediate regime between these two extrema by finely
controlling the area over which defects are seeded. For prac-
tical devices, it is also important to consider the effect of parti-
cle irradiation on the deposited metal-semiconductor contact
interface. Recent work has shown that irradiation-induced

heating of the electrode area can reverse majority carrier
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polarity in MoTe, [31], while pre-treatment with a broad-beam
argon ion source can decrease the contact resistance of
Ni-MoS,; two-fold [32]. In this paper, we investigate the effect
of the defect population on the performance of MoS, FETs via
varying the area of ion irradiation in the FET channel. We also
examine the performance of devices upon irradiation of one of
the electrical contact interfaces.

Experimental

Monolayer MoS, samples were synthesized using a CVD
microreactor method, described in detail in [33], directly on
285 nm Si0,/Si substrates, which also served as the back-gate
in the FET configuration. MoS, flakes were contacted with
electrodes using standard electron beam lithography on poly-
methyl methacrylate (PMMA) resist, followed by lift-off in ace-
tone and metal deposition by evaporation (5 nm Ti and 35 nm
Au). Electrical testing was carried out using a dual-channel
source—measure unit connected to tungsten micromanipulator
probes (Imina miBot) in the vacuum chamber of a customized
Zeiss EVO scanning electron microscope (SEM). Prior to
testing, the devices were outgassed at a pressure of approx.
1073 mbar for 12 h to minimize surface adsorbates. Helium ion
irradiations were carried out at a beam energy of 30 keV and He
gas pressure of 2 x 1070 Torr, using a Zeiss Nanofab micro-
scope. The fabricated MoS; FETs were placed in the helium ion
microscope chamber (after initial electrical testing to confirm
functionality) and were irradiated with the stage tilt angle set to
0°. At this angle of incidence, the helium ion beam ought to
produce sulfur vacancies chiefly in the bottom sulfuric layer of
the SiOj-supported MoS; flake [34]. The average recorded
beam current throughout the irradiations was 37.5 £ 0.4 pA, and
the probe size was determined at approx. 7 nm [9]. The areal
ion dose delivered to each sample was maintained at approx.
10'7 ions cm™2, with a step size of 1 nm and a dwell time of
4.3 ps throughout the duration of a unidirectional probe scan.
Post-irradiation SEM imaging was carried out in a Zeiss Supra
microscope using the in-lens detector at a low beam energy of
less than 5 keV to ensure a strong surface sensitivity. Figure 1a
shows a sketch of the experimental geometry. A SEM micro-
graph of a typical irradiated device is also presented in
Figure 1b. The marked distances W and L denote the width of
the irradiated region and the length of the FET channel, respec-
tively. L was kept constant at 5 um in this work, while W was
varied to obtain a designated irradiation-to-channel ratio,
Ir = WI/L. Following the irradiation and electrical testing, these
dimensions were re-measured in the SEM to obtain accurate /g
values in case of beam drift throughout the procedure.

Results and Discussion
As shown in Figure lc, the localized irradiation (dose =

10'7 ions cm™2, Iz = 7%) causes a notably higher electrical
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Figure 1: Experimental design and basic electrical characteristics. (a) Sketch demonstrating the irradiation strategy on contacted CVD-grown mono-
layer MoS; devices. The green area marks the designed irradiation area. (b) SEM image of an irradiated device. W marks the width of the exposed
region, while L is the length of the FET channel. L is 5 pm in the image. (c) /I-V curve of a device after irradiation (corresponding to Ig = 7%).

(d) Transfer curve of the same device demonstrating reduced gate tunability and a higher electrical conductance after He* ion irradiation.

conduction to emerge in the monolayer MoS; device. The
output current (/4s) increases approx. fivefold for the same
drain—source bias (V45) when compared with the non-irradiated
device. After the helium ion beam exposure, the transfer charac-
teristics, Figure 1d, reveal a clearly reduced electrostatic
response to the applied gate field. The FET channel cannot be
effectively turned off in the tested bias range, with significant
drain currents persisting even at V; = =60 V. This leads to a
sharp increase in the subthreshold swing and a large shift of Vi,
towards negative gate bias values (A> 10 V), thus deepening
the depletion-mode n-type channel functionality. This observed
near-degenerate doping behavior is typical of an increased con-
centration of sulfur vacancies in defect-rich MoS; [9,20,21].
We note here, that a recent high-energy irradiation study
has also called for attention to charge traps generated in the
underlying oxide, as the source of donor states in the FET

channel [35]. Further studies on flakes decoupled from the sub-

strate need to be performed to clarify the exact origin of the
threshold voltage shift in TMDs irradiated at moderate beam
energies.

The effects of increasing I are evident from changes to the re-
corded output and transfer characteristics in Figure 2a,b. The
data are organized into three groups, marked blue, green, and
red, corresponding to small (2-18%), medium (28—41%) and
large (48-76%) IR values, respectively. The I4,—Vq curves,
taken at Vg = 0 V, demonstrate an increase in the channel
conductance between the Ig = 2% and Ig = 7% irradiations, fol-
lowed by a continuing drop when Ig > 18%. For small values of
IR (blue curves in Figure 2b), the FET experiences a large Vi,
shift (A > 10 V) to negative gate biases, a lowered on/off ratio
(approx. 10%), and an increased conductance relative to the
untreated device. As IR is increased into the green (28—41%)
and red (48-76%) groups, the device conductance drops
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Figure 2: Effects of changing the irradiated area on the performance of monolayer MoS; FETs. Note that all the plots share the same color legend on
the right. (a) /I-V and (b) gate sweeps of different devices with varying /g. (c) Semi-log plot of the extracted electron branch on/off ratios correspond-
ing to each gate curve in (b). The black line is a linear fit to the semi-log data. (d) Changes in the field-effect mobility, p, relative to as-made device

mobilities, po, extracted from transfer curves in (b).

heavily, accompanied by positive-bias Vy, shifts, while the
on/off ratio is also seen to decrease roughly exponentially. This
is demonstrated in Figure 2c, which tracks the log-transformed
on/off ratio as a function of Ir with a good linear correlation
(R = —0.85) from the semi-logarithmic fit. This suggests that an
optimal ion irradiation strategy for improving the channel
conductance, i.e., when the areal channel exposure is close to
10%, needs to be a balance between introducing significant
n-dopant densities and suppressing the unwanted crystal struc-
ture amorphization which results from high irradiation doses. At
high Iy values (red group), we observe the emergence of a weak
ambipolar response in our transfer curves. At these ratios, the
device starts to enter a regime where more than half of the
channel has been treated with the ion beam. Thus, we expect a
dominant contribution of oxygen-containing atmospheric adsor-
bates (known p-type dopants in MoS5) in saturating the vacancy
sites created by the ion beam, allowing for residual hole
conduction in the newly formed effective medium channel [36-
38]. However, the role of other impurities such as hydrogen and

carbon from adventitious surface hydrocarbons in the observed

p-doping ought to also be considered in future studies. For a
given delivered dose, the ion beam provides a high concentra-
tion of effective adsorption sites for atmospheric p-dopants (or
adventitious hydrocarbons) within the area defined by the
spread of the Gaussian probe extension. The probe has spatially
trailing lower-dose tails, the damage of which extends to more
than 10 nm and may induce additional n-doping with no com-
plementary adsorbant saturation, i.e., by creating unsaturated
SVs in the bottom sulfuric layer [34,39]. A larger irradiation
area will thus provide more effective p-doping sites while
stifling the n-doping response as the probe tails begin to extend
past the FET channel. In addition, low-dose trail areas will be
irradiated repeatedly by adjacent line scans, increasing the
effective delivered dose and shifting that region to a more
acceptor-rich area. This leads to the observed ambipolar gate
response for large Ir values. The formation of these back-to-
back heterojunctions may result in unconventional charge trans-
port phenomena if the dose of the irradiation is varied across
several orders of magnitude [9], which we leave for future

studies.
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Figure 2d charts the effect of I on the change in the carrier
field-effect mobility, u, of the irradiated device relative to its
as-fabricated mobility, pg. Extracted from the linear region of
the transfer curve, u is seen to improve by up to 40% in two out
of three devices in the blue region. For the green and red
regions of Iy, p is always seen to worsen as the area of the irra-
diated channel is increased. p is expected to drop heavily as the
rate of electron scattering rises with the increased defective
channel area. The improved mobility at /g ~ 10% indicates the
screening of scattering centers by the increased carrier concen-
trations induced by SV doping, which leads to the increased
conductance observed in Figure 2a. We note that our measure-
ments were performed in a two-probe geometry. Thus, the
absolute values of p extracted here (approx. 1 cm? V71 s71) are
limited by the contact resistance between the gold and the MoS,
[40].

We now consider the effect of irradiating the metal-semicon-
ductor interface. We treated two FETs within each IR regime.
For one of the devices in each pair a single electrode interface
was also irradiated. SEM images in Figure 3a show the irradi-
ated channel areas colored in green and the non-irradiated MoS,
channel areas in red, on example devices in the high I regime.
In all three IR regimes, allowing one of the electrode—-MoS,;
interfaces to be damaged by the helium ion beam leads to a drop

in the device conductance, as evident in Figure 3b for the repre-
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sentative case of medium /g values. Moreover, the conductance
of the device where the electrode—MoS, interface was treated
with the ion beam is lower than the conductance of the as-fabri-
cated non-irradiated device. The transfer curves in Figure 3c in-
dicate that as the device approaches the strong inversion regime,
the electrode—channel interface damage (green curve) inhibits
high drain currents in the FET, in contrast to the case of no elec-

trode damage (purple curve).

We simulated the atomic vacancy yield per each delivered ion
as a function of target penetration depth on the 35 nm-Au/
5 nm-Ti/0.7 nm-MoS,/285 nm-SiO, stack [41]. As evident
from Figure 3d, the sulfur sputtering yield at the Ti-MoS, inter-
face is very close to that of unencapsulated MoS, [15], indicat-
ing notable damage to the interface at this delivered dose. It
may be expected that an increase in the Schottky barrier height
will occur if the normally pinned Fermi level [42] is now a
function of the physical state of the beam-altered metal-semi-
conductor interface. Ion beam pre-treatment of the contact
region before metal deposition increases the concentration of
dangling bonds available for molecular hybridization when the
contact metal is deposited [32]. As we are treating an already
hybridized interface, we suspect that the formation of point
defects therein, such as migrated interstitials and antisite
defects, will serve to trap carriers at the interface and will

reduce the crowded injection current at the contact [43]. This

(d)
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Figure 3: (a) Example SEM images of electrode non-touching (NT) and touching (T) devices with a similar /g. The colored green area is the channel
region damaged by the He* ion beam, while the red area is the non-irradiated MoS, channel. Scale bars are both 5 pm. (b) Output and (c) transfer
curves of devices with /g = 18% from the NT and T categories, highlighting the deleterious effect of electrode irradiation on the current injection.

(d) Simulation of the S vacancy yield generated as the He* ion beam penetrates the device at the contact stack, indicating damage to the metal—-semi-

conductor interface.
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may be empirically confirmed with a combination of low-tem-
perature electrical characterization and capacitance measure-

ments [44,45] in future work.

Conclusion

In summary, we have studied the effects of varying the irradi-
ated channel area of helium ion-treated monolayer MoS, FETs.
Introducing a small number of defects into the material (approx.
10% of irradiated-to-pristine channel area) can serve to improve
the charge carrier mobility and the electrical conductance. We
found that irradiating the electrode—MoS; interface was delete-
rious to the performance of the FET, with a conductance drop
noticed for each of the areal irradiation regimes. Our work
demonstrates that by tuning the helium ion irradiation strategy,
and localizing the exposure to specific sites, the electronic char-
acteristics of on-dielectric MoS, FETs can be well-controlled in
the monolayer limit. Post-metallization irradiations need to be
finely controlled to ensure that the hybridized metal-semicon-
ductor interface is not disturbed, otherwise the drive current in
ion beam-treated 2D FETs will be limited for certain applica-

tions.
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Abstract

The helium ion microscope (HIM) is a focussed ion beam instrument with unprecedented spatial resolution for secondary electron
imaging but has traditionally lacked microanalytical capabilities. With the addition of the secondary ion mass spectrometry (SIMS)
attachment, the capabilities of the instrument have expanded to microanalysis of isotopes from Li up to hundreds of atomic mass
units, effectively opening up the analysis of all natural and geological systems. However, the instrument has thus far been under-
utilised by the geosciences community, due in no small part to a lack of a thorough understanding of the quantitative capabilities of
the instrument. Li represents an ideal element for an exploration of the instrument as a tool for geological samples, due to its impor-
tance for economic geology and a green economy, and the difficult nature of observing Li with traditional microanalytical tech-
niques. Also Li represents a “best-case” scenario for isotopic measurements. Here we present details of sample preparation, instru-
ment sensitivity, theoretical, and measured detection limits for both elemental and isotopic analysis as well as practicalities for
geological sample analyses of Li alongside a discussion of potential geological use cases of the HIM-SIMS instrument.

Introduction

The helium ion microscope (HIM) is a focussed ion beam (FIB)  ciple of the GFIS has since been extended to the heavier noble
instrument, which uses a gas field ion source (GFIS) to create  gas neon [2] and may be applicable for even heavier noble
highly focussed beams of noble gas ions, utilising the same  gases such as argon. Whilst the HIM was shown to achieve
working principle as the field ion microscope (FIM). This was  exceptional imaging resolution using secondary electrons gener-

originally used to form a primary helium beam [1], but the prin-  ated by the primary ion beam [3-6], it lacked microanalytical
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capabilities. There were several suggestions for the possibility
of microanalysis on the HIM, the most common of these being
Rutherford backscattered ion imaging (RBI) and secondary ion
mass spectrometry (SIMS) [7-9]. However, the variation of RBI
intensity with changing surface chemistry, specifically the
atomic number, Z, reaches a plateau at relatively low Z values
of around 50 [7], limiting its use to lighter elements only. SIMS,
however, opens the entire range of mass numbers, from a few
atomic mass units up to several hundred atomic mass units,
whilst also leaving open the possibility of in situ isotopic mea-
surements. This combined HIM-SIMS instrument has
intriguing possibilities for geological materials as, unlike
previous SIMS techniques limited by the probe size of the pri-
mary beam, the small beam size theoretically allows for chemi-
cal mapping at high sensitivity with the spatial resolution con-
trolled only by beam—sample interactions [9]. The possibility of
isotopic measurements at such a high spatial resolution, around
10 nm, is of particular importance in the planetary sciences,
where variations are extreme in both their magnitude and their
nanometre-scale size [10,11]. Additionally, planetary materials
pose a particular challenge to traditional microanalysis tech-
niques, since they are often rare or one-of-a-kind samples,
limiting them to non-destructive analysis, or analysis that
preserves as much of the sample as possible. They also typical-
ly contain very small components, which record the signals of
different stellar processes [10,12], resulting in extreme hetero-
geneity of data across nanometre-scale distances. lon imaging
in cosmochemistry is typically performed with the NanoSIMS
instrument, which can reach spatial resolutions of 50-100 nm
for Cs* with a beam current below 1 pA and 200-400 nm for
O~ with a beam current below 10 pA [13]. However, the scale
of some inclusions within some planetary materials can be of
the order of hundreds of nanometres, making detailed imaging
of such inclusions with the NanoSIMS unfeasible. The
HIM-SIMS however, with spatial resolutions of less than
10 nm, represents an ideal tool for such imaging, allowing for
detailed nanometre-scale chemical imaging over large areas.

Whilst many geological materials could benefit from the analyt-
ical capabilities of the HIM-SIMS, they also present challenges
for the device. In particular, the insulating nature of silicates,
which make up most geological materials on Earth, requires ad-
ditional sample preparation, which, if performed incorrectly,
can have a negative impact on both qualitative and quantitative
use of the instrument. Here, we demonstrate the instrumental
sensitivity, capability, and repeatability of the HIM-SIMS using
Li as a test element. The choice of Li is particularly relevant for
geoscience applications as it represents a key geological
resource for green energy storage, a challenge to the commonly
used scanning electron microscope (SEM)-based microanalysis

methods, which rely on energy/wavelength dispersive X-ray
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spectroscopy, as well as a best-case scenario for isotope mea-
surements, since it has one of the largest relative mass differ-
ences between isotopes of any element. Alongside this, the
practicalities of sample preparation and a discussion of further
potential use cases of the HIM-SIMS for geological materials
are also provided.

Results and Discussion

Methods

All analyses were performed using an ORION NanoFab HIM
with an attached V500 double focussing magnetic sector mass
spectrometer [14]. The gas field ion source (GFIS) of the
ORION instrument produces a highly focussed single ion
stream of He™ or Ne*, with a very small probe size (0.5 nm for
He* and less than 3 nm for Ne*). Primary ion currents of
1-10 pA were applied to the samples with acceleration voltages
between 10,000 and 20,000 keV. Positive secondary ions of Li*
were extracted by the application of a 500 V extraction voltage
applied to the sample surface along an extraction system
mounted directly above the sample, which subtends a large
solid angle at the sample for a high collection efficiency. lons
were then measured by electron multiplier detectors set to fixed
positions at m/z 6, m/z 7, and an arbitrary value of m/z for which
no secondary ions were expected, for the measurement of a
“background count rate”, with a fixed, low magnetic field of
around 100 mT. The primary beam was rastered over the sam-
ple to simultaneously map ion counts on each detector with a
typical dwell time per pixel of 4 ms, leading to an average
mapping time of 20 min.

Sample preparation

Sample mounting

Unlike many traditional SIMS instruments, the HIM-SIMS has
fewer constraints on sample mount size, as the sample holder is
unmodified from the holder of the HIM, allowing for larger
mounts, with space for multiple thin sections alongside stan-
dards. Whilst a large sample holder allows for multiple samples
at a time, with fewer concerns on mount size, care must be
taken to maintain a constant height across the mounts, as the
extractor sits at a constant height above the holder for a given
focus, which can lead to potential collisions with other samples
if the heights and, therefore, focal distance is not constant.

Sample coating

Due to size constraints within the chamber, it is currently not
possible to have both an electron flood gun and SIMS attach-
ment on the same device. This is a problem for geological sam-
ples, as the vast majority of them are insulators. To counteract
this insulating behaviour and prevent the buildup of charge on
the sample surface, samples must be coated with an electrically

conducting material before they are introduced to the instru-
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ment. Traditional SIMS instruments apply a thin metallic
coating, typically gold, using a sputter coater. Here we employ
a similar technique, coating samples with either gold or plati-
num, or, in the case of analysis of platinum-group elements
[15], carbon. This coating is removed by the action of the pri-
mary beam in the region of interest prior to analysis, allowing
for the removal of charge at the edges, but exposure of the sam-
ple surface within the analytical area. Figure 1 shows a mass
spectrum taken on a natural zircon grain from NW Scotland,
UK, mounted in epoxy resin with a carbon coating. Count rates
before rastering with the primary beam are shown in red, whilst
count rates from the same sample area are shown in blue, after
rastering with the neon beam to remove the carbon coating. The
count rate increases dramatically after the removal of the car-
bon coating. For some mass/charge values, which were not
present in the original mass spectrum, such as the ZrO* frag-
ment at m/z 106 and the ZrO,* fragment at m/z 122, signals be-
came measurable significantly above the background noise.
Figure 2 shows the same zircon sample as Figure 1, immedi-
ately after the first mass spectrum in Figure 2b and immedi-
ately before the second mass spectrum in Figure 2c. The
dramatic increase in signal is again demonstrated here, with
almost no signal from the °Zr* in Figure 2b, in contrast to the
same mass-filtered image in Figure 2c. This demonstrates how
important the removal of the conductive coating is for analysis

of unknown material. While the coating is necessary for

Beilstein J. Nanotechnol. 2020, 11, 1504-1515.

conductivity across the sample surface, it can dampen the signal
to a point where some elements fall below the background noise

level.

However, the primary beam is not designed for the rapid
removal of material and if the applied coating is thicker than
5—-10 nm, its removal can take an unreasonable amount of time.
The increase in signal shown in Figure 1 and Figure 2 comes
after 240 min of rastering with the primary neon beam, which
corresponds to almost 300 min of instrument use, an unfeasible
time for a single image. One solution is to pre-raster the areas of
interest with a gallium beam before the sample is taken to this
instrument, but this leads to the implantation of gallium ions
and can lead to potential damage to the sample if an incorrect
dose is used. Instead, care should be taken to apply thin
(5-10 nm) coating layers to the sample, to maximise analysis

time on the instrument.

Sample polishing

Figure 2 also demonstrates another issue with sample prepara-
tion, that is, polishing. Polishing is critical for the extraction of
quantitative information using the SIMS method, since surface
relief distorts the extraction field, enhancing extraction of sec-
ondary ions at topographic highs relative to lows, distorting the
distribution of counts from the true distribution within the sam-

ple. The intensity variation is further modified by variations in

Mass Spectrum
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Figure 1: Mass spectra of a natural zircon sample before rastering with the primary beam (red) and after rastering with the primary beam for 240 min
(blue). Count rates increase dramatically after the sample coating has been removed.
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Figure 2: a) Backscattered electron (BSE) map of the sample, SIMS location outlined in red; b) raw and processed 9°Zr and 56Fe mass images after
20 min of rastered beam exposure on the sample; c) raw and processed ?°Zr and 56Fe mass images after 240 min of rastered beam exposure on the
sample. Initial maps were 512 x 512 pixels, covering a field of view of 70 pm. The scales show the absolute number of ions detected.

the sputter yield at areas with a grazing incidence angle. This  analysis. During HIM-SIMS all the typical effects are exagger-
can be seen in Figure 2. Most of the signal comes from the ated, therefore requiring an exceptional polish as well as
edges of the zircon grains, where the zircon is raised relative to  minimal relief. However, whilst techniques exist to reduce relief

the epoxy. The formation of relief is a balancing act for SIMS  to a minimum, for example, lapping films, they may not yield a
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polish smooth as lapping cloths do. As a result, it is almost
impossible to satisfy both requirements. The recommendation
should be to minimize relief as much as possible using appro-
priate preparation techniques for the sample before a final
polish (here we ended with a 0.25 pm polish). However, even
after minimising the effect of relief, samples should be analysed
away from the sample edge in order to obtain quantitative data.

Quantification

Concentration calibration

Quantification of concentrations using SIMS data is typically
performed using one of two approaches. These are the useful
yield approach [9] and the relative sensitivity factor approach
[16], both of which rely on the effective use of appropriate stan-
dards. The useful yield approach depends on the calculation of
the useful yield of an element, defined as the ratio of detected
ions of species x to the number of sputtered atoms of x, in a
matrix-matched reference sample. The concentration of x, Cy,
can then be calculated using Equation 1, and depends on the
secondary ion current, Iy, the calculated useful yield UYy, the
primary ion beam current, I, and the sputtering yield, ¥, which

is typically measured after the analysis:

Beilstein J. Nanotechnol. 2020, 11, 1504-1515.

The sputtering yield depends on the nature of the atoms as well
as the matrix in which they are bound. This yield can be pre-
dicted semi-empirically for a primary Ne beam [17]. Figure 3
shows how the calculated yield of different atoms varies for a
silicate glass matrix with two different densities, 2.2 and
3.3 g-em™3, that is, respectively, low-density and high-density
silica glass. Different matrix materials can also affect the
ionization probability of the sputtered material. Thus, it is
necessary to properly match the matrix of the samples and stan-
dards, since small changes in the matrix can have a large effect
on the constants involved in calculating the concentration of an
element.

The relative sensitivity factor approach relies on the measure-
ment of both the target element, X, as well as a known matrix el-
ement, m. The concentration of the element x, Cy, can then be
calculated using the secondary ion current of species X, Iy, the
secondary ion current of the matrix element m, /,,, and the rela-
tive sensitivity of the two elements, which is calculated using a
matrix-matched standard under the same beam conditions. This
approach can be simplified by relating the concentration of an
element within a standard to the secondary ion current for that
element from the standard and applying this correction to the

C I, secondary ion current measured on a sample under identical
X UY, ]p .Y (1) beam conditions. This simplified approach does not account for
variations in measurement conditions, which are accounted for
Secondary lon Yield for a 10kV Neon Primary Beam
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Figure 3: The calculated sputtering yield as a function of the atomic number for a 10 kV primary Ne beam impacting a silicate glass matrix for a low-
density glass (2.2 g-cm=3, blue) and a high-density glass (3.3 g-cm™3, red), calculation after [17].
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in a “true” relative sensitivity factor approach by the secondary
ion current of a matrix element, /,,,, as shown in Equation 2:

1
= RSF,. @

m

c

X

Both of these methods rely on calibration to a known standard
and using standards on the HIM-SIMS comes with many of the
same necessities as on a traditional SIMS instrument, such as
matrix-matching samples and standards. However, an addition-
al problem when using standards on the HIM-SIMS is the
homogeneity of the standard material. Whilst an electron micro-
probe standard should be homogeneous on a length scale of
several micrometres, this same standard is required to maintain
this homogeneity at a nanometre length scale in order to be used
accurately with the HIM-SIMS instrument. It is extremely diffi-
cult to manufacture a standard material for all elements that is
homogeneous at the nanometre scale. Platinum group elements,
for example, commonly form micrometre-scale nuggets [18,19].

Isotopic calibration

Isotopic quantification also relies on the use of matrix-matched
standards that are homogeneous on the nanometre length scale.
Measured isotopic variations are typically expressed in delta
notation. An example calculation for Li isotopes is shown in
Equation 3. This accounts for the small variations in raw

isotopic ratios typically seen in geological materials.

"Li Li
615 R
87Li _ sample standard %1000 3)
"Li
6
standard

Data processing

Due to the small size of the primary ion beam interaction of less
than 10 nm [9,20], combined with typical primary ion beam
currents in the range of 10-100 pA, a very small volume of ma-
terial is removed during each interaction between beam and
sample surface. Whilst this makes the instrument extremely sur-
face sensitive, it can also result in very low count rates for low
concentrations and/or low-yield elements. However, even in
such cases, appropriate data processing techniques can extract
data with meaningful counting statistics for elemental and
isotopic analysis, although this processing does have conse-
quences, for example, it can reduce the lateral resolution signifi-
cantly.

Beilstein J. Nanotechnol. 2020, 11, 1504—1515.

One method for increasing count rates is to regrid data, effec-
tively reducing pixel number and image resolution whilst in-
creasing pixel size and counts per pixel. Figure 5 shows ’Li and
SLi maps taken from a thin section containing the economic
Li-bearing mineral Spodumene (LiAlSi,O¢) as raw and
regridded data, with different regridding sizes, taken across a
region of alteration. The raw maps in Figure 5a can be used to
define the altered region from the unaltered regions. Within the
unaltered region are pixels with zero counts for either isotope of
Li. Since we can assume variations in Li concentration are not
occurring on a wavelength similar to the pixel size (14.6 nm),
these must be measurement error. The regridded maps act to
remove these anomalous pixels. The inverse relationship be-
tween counts per pixel and resolution can be clearly seen. How-
ever, in some respects regridding the data in this manner
reduces the advantages of the extreme spatial resolution offered
by HIM-SIMS. Another method is to sum counts over indi-
vidual regions of the data, maintaining the lateral resolution of
the data, but increasing the count rates under the assumption
that different regions have roughly homogenous concentrations
of an element or isotope ratios. In the case of the data shown in
Figure 6, the regions can be separated into Li-bearing
Spodumene and Li-free regions of altered Spodumene, which
intrude from the edges of the grain, as shown in Figure 4. These
Li-bearing regions can be further separated on the basis of
connectivity. The “Li and °Li data can then be used together to
calculate the variability of isotopic ratios across the region of al-
teration, as shown in Figure 6, where the shape and outline of
the regions can be seen in comparison to the regridded data with
lower spatial resolution.

Figure 4: Reflected-light micrograph of the analysed Spodumene
grain. The grain has relatively unaltered regions, separated by altered
regions which intrude from the edge of the grain. Figure 5 was taken
from within the region shown in red, across one such zone of altera-
tion.

Irregular regridding can also be used to create effective line
profiles along features that are at least as wide as the field of

1509



Beilstein J. Nanotechnol. 2020, 11, 1504—1515.

Li Counts

3.0
a) Signal Signal

Li° Li

15

height axis
height axis

‘width axis

‘width axis.

Figure 5: a) Raw (solid line), b) 32 x 32 regridded (dotted line) and c) 64 x 64 regridded (dashed line) maps of 6Li (red) and ”Li (green) from a

Spodumene grain, see Figure 4.
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Figure 6: The relative 3’Li ratios for regions within the same grain of Spodumene as in Figure 4 and Figure 5. Four connected regions with roughly
similar counts have been identified, the purple region, an altered region, shows no Li, whilst the red region contains too few pixels to calculate a 3Li
value with a reasonable error. Values are not calibrated to an external standard, but instead to the average ratio across all measurements of the grain,

which should lead to values of zero for isotopically homogenous material.

view of one HIM-SIMS map. This data can then be regridded
to sum along an axis perpendicular to the beam rastering
direction, which should negate any effects of variable beam
conditions. This is particularly useful for isotopic analysis,
as it generates data with significantly better internal error/
counting statistics [21], whilst still summing data from a width
that is much smaller than a traditional SIMS instrument line
profile.

Another method to increase counts is to image the same area
sequentially. This method has been used for 3D imaging of
extremely thin materials. However, for most geological sam-
ples the thickness of any layer of interest is much greater than
the approx. 10 nm of removed material per map. In this way
multiple maps may be summed, on the assumption that the
region of interest is thicker than the total removed material [15].
This method is effective only when the surrounding area
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remains able to compensate the charge and the electric field is
not so distorted as to prevent the removal of the generated sec-
ondary ions.

Geological applications

Light elements

Some of the most important elements in the geosciences have
low atomic numbers. Lithium, for example, is critical to a low-
carbon energy landscape through electric vehicles and battery
materials [22,23]. The global carbon cycle is likewise critical
for the continued evolution of surface conditions on Earth, both
in the geological record [24,25] and for the future [26]. Oxygen
is a critical element as it is both one of the main constituents of
the most common geological materials, silicates, and one of the
best understood isotopic systems [12,27]. However, mapping
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the distribution of these elements by traditional methods, typi-
cally using SEM-EDS techniques, is extremely difficult, as the
characteristic X-rays produced by these elements have such low
energies that they are prone to re-absorption within the sample
as well as being difficult to separate from other peaks in the
produced spectra. This makes quantification almost impossible.
The HIM-SIMS, in contrast, has its highest mass resolving
power at low masses (around 400 M/AM) with a low magnetic
field applied within the mass spectrometer, making it an ideal
tool for mapping these elements.

Lithium mapping

Figure 7 shows a comparison of the SEM-EDS signal obtained
from a sample of Li-bearing mica and the HIM-SIMS signal
from a subregion of the same sample. Both isotopes of Li can

B S5

0

d) - HIM-SIMS
I 2
B 2 o | 13
0

|e) - HIM-SIMS o

Figure 7: a) Backscatter electron image of the region of interest. The red square shows the region mapped using HIM-SIMS; b) Li EDS map of the
region shown in a); c) Fe EDS map of the region shown in a); d) 6Li map of the region within the red square in a) using HIM-SIMS; ) Li map of the

region within the red square in a) using HIM-SIMS.
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be clearly seen in HIM-SIMS where no Li signal can be
detected above background noise in the SEM-EDS data. The Fe
signal is also shown, which should be inversely proportional to
the Li signal as Fe and Li substitute in the crystal lattice within
a solid solution. The Li signal appears to be stronger along mica
sheets perpendicular to the c-axis of the crystal structure. How-
ever, this may be the result of surface topography similar to that
observed in the zircon samples, as a result of polishing picking
out the c-axis of the crystal structure, instead of a geological

effect, such as greisenization.

The sensitivity toward Li has also been investigated in NIST
glass standards. The NIST 612 standard has a known total Li
concentration of 40 ug/g [28], which corresponds to concentra-
tions of 37 pg/g for 'Li and 3 pg/g for °Li. With one detector
positioned at a fractional mass/charge ratio, which does not cor-
respond to any elemental mass/charge ratio or half mass/charge
ratio, the background count rate can be measured alongside the
target mass/charge values. Figure 8 shows the count rates of °Li
and "Li for NIST 612 glass relative to this background count
rate, showing an experimentally derived instrumental sensi-

tivity greater than 3 pg/g for Li.

Lithium isotopes

Lithium isotopes can be used as a tracer of important geolog-
ical processes [29], responding readily to fractionation due to
the large percentage mass difference between the two isotopes,
6Li and 7Li. Using the Li isotope system within a single sample
of unaltered spodumene, the internal error due to counting
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statistics [21] and the external standard error over multiple mea-
surements has been investigated. Figure 9 shows the 8'Li values
measured on a spodumene sample, calculated relative to the av-
erage ratio across all measurements, rather than relative to a
standard as in Equation 3. Due to this, accurate measurements
would always sit within the error of a 8’Li value of 0. All mea-
surements were taken over an area between 10 and 30 um,
except for the fourth point, which was over a 200 nm area. For
the latter measurement with a 128 X 128 pixel map, the pixel
size (1.5 nm) is smaller than the interaction volume of the
beam, reducing the count rate significantly. The first measured
pixel sputters material from a region effecting many more
pixels, reducing any signal from these pixels when the beam
does “measure” these points. Whilst this does drastically
increase the internal error of this measurement, the data is still
within the error of 0. The external error (ca. *48%o) also
appears to be negatively affected by this 200 nm data point, but
is not significantly lower without this point included, remaining
higher than the terrestrial range of variation [30].

Lithium isotope line profiles have also been measured, taking
sequential maps perpendicular to deformed cleavage planes
found in a sample of Li-rich biotite mica. These deformed
cleavage planes are shown perpendicular to the c-axis of the
biotite in Figure 10a. Again, 8’Li values are calculated relative
to the average across all measurements, showing variation from
the average values, rather than true isotopic variation.
Figure 10b shows the isotopic variations across the sample,
calculated using the asymmetric regridding method outlined

°Li &Li Sensitivity
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Figure 8: Count rates relative to background count rates for 6Li (red, 3 pg/g) and “Li (green, 37 pg/g) for the NIST 612 glass standard. Background
counts were collected simultaneously on a detector positioned over a fractional mass/charge ratio with no real counts.
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Figure 9: The relative 3’Li ratios for regions within the same grain of Spodumene. Values are not calibrated to an external standard, but instead to the
average ratio across all measurements, which should lead to values of zero for isotopically homogeneous material. The internal statistical counting
error is shown in red for each point with the external error across all measurements in grey.
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Figure 10: a) Examples of deformed cleavage planes in a Li-rich biotite mica shown parallel to the c-axis and b) &”Li values for vertical strips taken
perpendicular to the scanning direction of the beam, along the green line in a). Each vertical grey line represents two microns of space left between
each image, whilst red values are calculated using 1/8th width strips of the original maps and green values are calculated using 1/16th strips. Values
are normalised to the average ratio across all measurements of the sample, rather than to an external standard.
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above. The effect of calculating values for strips of different
widths can be seen, larger variations are smoothed out by
summing over strips with larger widths. This demonstrates the
effect of increased count rate, with smaller internal error for
each point, for all points except two. The values calculated for
wider strips lie within the error of the values for two strips of
half width. The external error of both datasets is approximately
constant at ca. £127%o, which is too low to explain the entire
variation through instrument effects alone, leaving true geolog-

ical variation as a possible cause.

Conclusion

The helium ion microscope provides an imaging tool with
extreme spatial resolution using secondary electron imaging.
With the addition of secondary ion mass spectrometry capabili-
ties at the highest resolution, the HIM-SIMS is now set to fill a
critical length-scale gap in the field of microanalysis, with reso-
lutions second only to the atom probe, but with field of views of
the order of micrometres, allowing for high resolution over a
relatively large sample area. The HIM-SIMS is therefore a use-
ful tool for a wide range of geological applications. The critical
capability of sensitivity to light elements makes it an important
tool for economic geology focused on a low-carbon future [19].
The experimentally measured sensitivity on the ppm level for Li
is more than enough for the analysis of a wide range of econom-
ically important Li-bearing minerals. The spatial resolution over
an area of micrometres yields exciting prospects in the field of
planetary materials, where micrometre-sized or smaller inclu-
sions hold important information about both the early solar
system and the nature of extrasolar conditions [10].
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Abstract

This work explores a new technique for the out-of-plane patterning of metal thin films prefabricated on the surface of a polymer
substrate. This technique is based on an ion-beam-induced material modification in the bulk of the polymer. Effects of subsurface
and surface processes on the surface morphology have been studied for three polymer materials: poly(methyl methacrylate), poly-
carbonate, and polydimethylsiloxane, by using focused ion beam irradiation with He*, Ne*, and Ga™. Thin films of a PtgyPd4q alloy
and of pristine Au were used to compare the patterning of thin films with different microstructures. We show that the height of
PtgoPdy( thin films deposited onto poly(methyl methacrylate) and polycarbonate substrates can be patterned by He* ion beams with
ultrahigh precision (nanometers) while preserving in-plane features, at the nanoscale, of the pre-deposited films. Ion irradiation of
the Au-coated samples results in delamination, bulging, and perforation of the Au film, which is attributed to the accumulation of
gases from radiolysis at the film—substrate interface. The irradiation with Ne* and Ga* ions destroys the films and roughens the sur-
face due to dominating sputtering processes. A very different behavior, resulting in the formation of complex, multiscale 3D
patterns, is observed for polydimethylsiloxane samples. The roles of the metal film structure, elastic properties of the polymer sub-

strate, and irradiation-induced mechanical strain in the patterning process are elaborated and discussed.

Introduction
Micro- and nanofabrication with focused ion beams (FIBs) is  ties of FIBs have been substantially enhanced leading to a broad
currently a subject of strong interest within diverse fields of ma-  range of applications by the implementation of light ion beams

terials science and technology [1]. In recent years, the capabili-  (He* and Ne*) emitted by a gas field ion source (GFIS). This
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has enabled direct, maskless surface patterning with a superior
lateral resolution and depth control [2,3]. The portfolio of the
currently used FIB-based and FIB-assisted surface patterning
techniques includes a number of different methods, such as ion-
beam sputtering of surface layers (ion-beam milling), ion-beam-
assisted chemical etching and ion-beam-assisted chemical vapor
deposition [1-3]. All these methods are based on processes that
either add or remove atoms on the surface or in the subsurface

atomic layers.

The ion beams deposit their energy and, therefore, affect the
structure and properties of materials over the entire depth of
their penetration path in a target. In our recent work [4], we
demonstrated that, in addition to the direct surface patterning by
the abovementioned techniques, the radiation damage gener-
ated by He" FIB in the bulk of poly(methyl methacrylate)
(PMMA) substrates can be used for well-controlled and nano-
meter-precise patterning of the height of metal thin films and
nanostructures prefabricated on the surface of these substrates.
This technique is based on subsurface chemical decomposition,
structural reconstruction, and, as a result of these processes,
volume shrinkage of the PMMA polymer under ion irradiation
[5-7]. The most important physical and chemical phenomena
behind this material modification include scission and cross-
linking of polymer chains, which can occur simultaneously, as
well as the formation of volatile molecules and their desorption
from the polymer bulk [7]. In fact, the method utilizes ion
energy losses to manipulate the surface morphology by means
of radiation damage generated in the substrate bulk and mini-
mizes the surface damage resulting from sputtering. This leaves
the thin films and the prefabricated thin-film nanostructures on
the PMMA surface essentially intact and provides a new route
to their out-of-plane patterning, which is interesting for a range

of thin film applications.

In the current work, we extend our study to the effects of the ion
mass by irradiating PMMA substrates with He*, Ne*, and Ga*
ions, and to the role of pathways for volatile radiolysis products
to leave the irradiated material. We also investigate the possibil-
ity to pattern the surface of other polymer substrates, such as
polycarbonate (PC) and polydimethylsiloxane (PDMS), by
subsurface processing with He* ions. The choice of materials
for this work has been directed by their diverse applications in
micro- and nanotechnology and by the high susceptibility of
their structure to ion irradiation [5]. Another important aspect is
that the chosen materials are different in their chemical struc-
ture, chemical composition, and mechanical properties. This is
the basis of a comparative study of the role of material-related
factors in the FIB-induced surface patterning. PMMA and PC
polymers are especially interesting for many reasons: PMMA is

widely used as a positive resist for X-ray, deep UV [8], elec-
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tron and ion-beam lithography [9]. Structural transformation
and volume shrinkage of PMMA under ion irradiation have
been reported in several publications [6,7,9-13]. PC is the
second most sold thermoplastic polymer. It is extensively used
in microtechnology due to its excellent optical, mechanical, and
chemical properties [14]. Compared to PMMA, it has a much
higher mechanical toughness, thermal resistance, chemical
stability, and as PMMA, it is widely used in optical applica-
tions. A range of publications show that, owing to its radiation
susceptibility, PC can be used as a positive or negative resist for
electron beam lithography [15,16]. It has also been demon-
strated that it acts as a type of ion-beam resist in the fabrication
of micro- and nanopore membranes and templates for nano-
wires by chemical etching of through-holes along ion tracks

produced by high-energy ions [17,18].

In contrast to PMMA and PC polymers, PDMS is a mineral-
organic polymer (its structure includes both carbon and silicon
atoms). It is an elastomer and its elasticity can be tuned within a
very broad range by changing the degree and the type of poly-
merization and by post-curing treatments [19,20]. The high and
easily tunable elasticity, combined with high transparency, bio-
compatibility, and low cost, enable the broad use of PDMS for
the fabrication of microfluidic, microelectromechanical, and
microoptical devices [20]. The effects of ion irradiation on
chemical and physical properties and on the surface morpholo-
gy of PDMS have been extensively investigated [21-24]. It has
been shown that the ion beam irradiation can result in a signifi-
cant compacting and, under certain conditions, in swelling of
the irradiated PDMS areas [25]. In addition, a stiff “skin” layer
produced by ion irradiation on the PDMS surface leads to the

formation of ordered wrinkle-like micropatterns [23,24].

In this work, we have employed thin films of a PtggPd4q alloy
and of pristine Au. The primary reason for this choice was the
difference in their microstructures, specifically in the availabili-
ty of structural defects capable of providing the release of gases
from radiolysis. As it has been shown before [4], the
as-deposited 15 nm PtgyPdy( thin films contain arrays of nano-
scale cracks. In contrast, our studies have not revealed any
cracks or other discontinuities in the as-deposited Au thin films.
To study the effects of the ion mass, ultrathin (5 nm thick)
PtgoPdyg films were used in order to minimize energy losses of
Net and Ga™ ions in these films. In all other cases, such as
patterned PtggPdyg films on PC and PDMS substrates and
patterned Au films on PMMA substrates, 15 nm metal thin
films were used to facilitate the comparison with previously
published results [4], in which 15 nm PtggPdyg films were
patterned. Also, for the same reason of a more direct compari-
son, 200 nm thick PMMA substrates were used in this work to

study possible effects of changing ion masses.
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Results and Discussion
Irradiation of PMMA

Figure 1 shows an example of an atomic force microscopy
(AFM) image and the corresponding depth profile for a surface
region of the PtggPd4o/PMMA sample irradiated with He™ FIB
at a fluence of 1.0 x 10'6 cm™2, It is evident that the irradiation
homogeneously lowers the entire irradiated surface to a depth of
approx. 80 nm. For convenience, we define the value of the sur-
face depression as a reduction in the surface height (or as a
change in the surface depth), for which the baseline values cor-
respond to the non-irradiated area. Patterns of similar shape
have been observed for the entire fluence range of the irradia-
tion with He' ions, and also for the irradiation with Net and

Ga® ions.
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Figure 1: (a) AFM image and (b) the corresponding depth profile of a
fragment of the surface depression produced in a 5 nm PtgoPdyo/
200 nm PMMA sample by irradiation with He* FIB at an energy of

25 keV and with a fluence of 1.0 x 10'® cm=2. The dashed line in (a)
indicates the place of the depth profile.

Figure 2 summarizes the surface depthening as a function of the
irradiation fluence for He™, Ne*, and Ga™ ions. All curves
demonstrate a very steep increase in depth with increasing
fluence in the low-fluence range, followed by a saturation when
the fluence increases. The influence of the ion type on the sur-

face depthening is evident from the comparison of these plots:
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Both the depth-change rate at low-fluence values and the depth
saturation level increase with an increase in the ion mass. From
a linear regression of the dependence in Figure 2, in the low-
fluence range (up to a fluence of 5.0 X 104 cm"z), the surface
depression rates are estimated as 0.9, 1.5, and 1.7 nm per
1.0 x 1013 ¢cm™2 of irradiation fluence for He*, Ne*, and Ga™

ions, respectively.
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Figure 2: Fluence dependence on the irradiation-induced surface
depthening for a 5 nm PtggPd40/200 nm PMMA sample, irradiated with
25 keV He*, Ne*, and Ga* FIBs.

Figure 3 compares the surface morphology of 5 nm PtgyPdyq/
200 nm PMMA samples in the case of a high-fluence irradia-
tion with He™ and Ga* ions. The metal film withstood the irradi-
ation with He* ions but it was removed by the irradiation with
Ga* ions. Besides, the Ga*-irradiated area is significanly
rougher and characterized by erosions and spot-like elevations.
For an irradiation fluence of 2.0 x 10'5 cm™2, the values of
the root-mean-square (RMS) roughness, measured with
AFM in the irradiated areas, were approx. 0.7 and 4.4 nm for ir-
radiation with He* and Ga* ions, respectively. The RMS rough-
ness value of the pristine sample was approx. 0.6 nm. The irra-
diation with Ne" ions also significantly roughens the surface
and sputters away the metal film. The RMS roughness was
approx. 3.1 nm after the irradiation with Ne* FIB at a fluence of
2.0x 10" em™2.

The sputtering efficiency of Ga* and Ne™ ions is substantially
higher than that of He* ions [3] due to the significantly higher
mass values of Ne* and Ga™ ions (20 and 70 amu, respectively)
when compared to He™ ions (4 amu). Thus, these results
confirm that ions with intermediate and high mass values
cannot be used in the scope of our nanopatterning technique
since they destroy the pristine surface morphology and sputter

away the pre-deposited films.
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Figure 3: Helium ion microscopy (HIM) images of a 5 nm PtggPd4o/200 nm PMMA sample irradiated at a fluence of 1.2 x 1016 cm=2 with He* (a) and
Ga* FIB (b). In (a) and (b), dashed lines indicate the border between the irradiated (lower parts) and non-irradiated regions (upper parts). White
arrows in (a) indicate some nanoscale cracks. In (b), red and blue arrows indicate local surface elevations and erosions, respectively. Both images

are taken at a 54° tilt angle of the sample stage.

The observed increase in the surface descending rates and in the
saturation level upon irradiation with Ne* and Ga* ions
(Figure 2) indicate that, in those cases, both surface sputtering
and subsurface volume shrinkage contribute to the changes in
depth across the sample. According to our previous study [4],
the reduction in surface height of the metal-coated PMMA sur-
face is controlled by two major parameters. The first parameter
is the irradiation fluence of He" ions, which determines the total
amount of radiation energy dissipated by the ions over their en-
tire path in the sample. The second parameter is the thickness of
the polymer layer, which determines the fraction of the total
energy that is specifically dissipated in the polymer layer. An
additional and important aspect is that polymer materials cannot
shrink infinitely with an increase in the irradiation fluence and,
at a certain fluence, the material capacity to shrink decreases,
which explains the saturation effect in the case of irradiation
with He* ions. In the case of PMMA, the high irradiation
fluence results in the formation of a compact carbon-rich mate-
rial that can no longer shrink [13]. Taking this into considera-
tion, we assume that a combination of several factors is respon-
sible for the reduction in the surface height upon irradiation
with Ne* and Ga* ions in comparison to the irradiation with
He" ions. The first factor is that heavier ions deposit a larger
fraction of energy in the PMMA layer. This is depicted by the
energy loss profiles simulated with the “Stopping and Range of
Ions in Matter (SRIM)” software, as shown in Figure S1 (Sup-
porting Information File 1). In the case of He™ ion irradiation, a

significant fraction of the total ion energy is lost in the silicon

substrate below the PMMA layer (Figure Sla and Figure S1b,
Supporting Information File 1), meaning that this fraction is
wasted with regard to defect generation inside the PMMA layer.
In contrast, Ne* and Ga* ions lose their energy entirely in the
PMMA layer; therefore, the total ion energy is utilized for
generating the defects in this layer (Figure S1c—f, Supporting
Information File 1). The second important factor includes the si-
multaneous contribution of ion sputtering and compacting pro-
cesses near the surface. These events are significantly more pro-
nounced when the irradiation is performed with ions with inter-
mediate and high mass values, due to the higher density of the
ion energy deposited near the surface in nuclear collisions.

The saturation effect in the case of irradiation with Ne* and Ga™
ions shows that in the high-fluence range not only the material
shrinking mechanism becomes inactive, but also the material
sputtering becomes markedly slow. The estimated value of the
surface depression rate in the saturation region of Ga™ ion irra-
diation is approx. 0.12 nm per 1.0 x 1013 cm™2 fluence. This
value is approx. 14 times lower than the estimated surface
depression rate for the irradiation with Ga* ions in the low-
fluence range. This value is also approx. eight times lower than
the estimated surface depression rate in the low-fluence range
of the irradiation with He" ions in which only the shrinking
mechanism occurs. These results are consistent with previously
published results [13], which show that the formation of a
highly carbonized layer on the PMMA surface significantly
retards the sputtering process.
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Figure 4 shows the results for PMMA samples coated with a
15 nm thick Au film and irradiated with 25 keV/He* FIB. In
contrast with previously published results for samples coated
with 15 nm PtgyPdyq films [4], the results shown in this work
demonstrate that for samples coated with 5 nm PtgyPdyq films,
extensive delamination and bulging of the Au film from the
substrate surface are observed in the irradiated cells and in the
regions surrounding the cells. This is seen as changes in the
color contrast of the cells in rows 1 and 2 in Figure 4a and con-
firmed by AFM imaging in Figure 4b. These effects are attri-
buted to the accumulation of gases from radiolysis at the Au
film/PMMA interface and to the pressure that becomes, at a
certain fluence and at certain places, sufficiently high to delami-
nate and bulge the film. At higher fluence values (correspond-
ing to the cells in row 3, Figure 4a), the bulges are almost inex-
istent, which can be explained by the appearance of holes in the
irradiated regions (e.g., cells A3 and B3 in Figure 4a). This in-
duces gas release and deflation of the bulges. These results
demonstrate the importance of pathways for desorption of gases
resulting from radiolysis. Moreover, our study shows that Au
thin films (in our case, 15 nm thick) form very strong barriers
for the permeation of gases and can withstand high degrees of
stretching required for the observed bulging. Another remark-
able result is the bulging outside the irradiated areas
(Figure 4b), which is considered a result of bulge nucleation at
the boundary between irradiated and non-irradiated regions, fol-
lowed by an in-plane bulge propagation inside and outside the
irradiated regions.
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The results show that continuous films of low permeability
cannot be patterned with the technique described here. In order
to apply the technique, a gas-leakage path, for instance, in the
form of an array of microholes, needs to be prefabricated in the
films before irradiation. As an alternative to a continuous film,
an array of discrete film features can also be pre-deposited onto
the substrate.

Irradiation of PC

The results obtained for the irradiation with He* FIB on 15 nm
PtgoPd4o/PC samples appear to be similar to those obtained for
the 15 nm PtgyPd4o/PMMA samples. AFM images and the cor-
responding depth profiles (Figure 5a) show that, within the en-
tire fluence range, He* FIB irradiation uniformly lowers the sur-
face. High-magnification HIM images (Figure 5b) demonstrate
the preservation of the metal film and the presence of cracks in
the irradiated and non-irradiated areas of this film.

The dependence of the surface depression depth on the irradia-
tion fluence for the 15 nm PtggPd4o/PC sample is shown in
Figure 6 (red circles) and compared to the fluence dependence
for a 15 nm PtggPd4o/770 nm PMMA sample (blue squares) ob-
tained in our previous work [4]. In the latter, the 770 nm thick
PMMA layer corresponds to a PMMA bulk substrate since the
entire path of He* ions is located within this layer (see Figure
S2, in the supplementary material of [4]). The curves in
Figure 6 have similar shapes. However, the depth-change rate
and the absolute values as a function of the fluence are signifi-

364 nm
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Figure 4: (a) Optical micrograph of an array of squares produced with He*/25 keV FIB in a 15 nm Au/200 nm PMMA sample. The irradiation fluence
increases in the following raster scan order: A1 (3.3 x 1018 cm=2), B1 (2.0 x 10'* ¢cm=2), C1 (3.7 x 10'* cm=2), D1 (5.3 x 104 cm~2), A2

(1.0 x 10" cm=2), B2 (2.0 x 10'5 cm=2), C2 (2.5 x 1015 cm=2), D2 (5.1 x 1015 cm=2), A3 (7.6 x 10'% cm2), B3 (1.0 x 1016 cm=2), C3

(1.3 x 106 cm=2), and D3 (3.3 x 1013 cm=2). The lowest fluence (3.3 x 1013 cm=2) was irradiated in cells A1 and D3 to control the reproducibility of
the obtained results. Black arrows indicate the holes in the Au film in the irradiated regions. (b) AFM image of the C1 square.
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Figure 5: (a) AFM image and the corresponding depth profile of a part of the surface depression produced in a 15 nm PtggPd4o/PC sample by irradia-
tion with He* FIB at an energy of 25 keV with a fluence of 2.0 x 10 cm=2. The dashed line indicates the place of the depth profile. (b) HIM image of a
part of the same depression, demonstrating the persistence of the metal film. White arrows indicate some nanoscale cracks in the PtggPdyg film in the
irradiated region. Dashed lines indicate the border between irradiated and non-irradiated regions.
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Figure 6: Fluence dependence of the irradiation-induced depth for the
PtgoPd4o/PC sample (red circles). For comparison, the fluence depen-
dence for a 15 nm PtgoPd40/770 nm PMMA sample (blue squares)
measured in our previous study [4] is also presented. The samples
were irradiated with a 25 keV He* FIB within a fluence range from

4.0 x10'3t0 7.5 x 1015 cm=2.

cantly lower in the case of PC substrates. As a result, the total
depth change observed in the PC substrate at the highest dose
(7.5 x 1013 cm™2) is approx. 2.5 times smaller than that in the
case of the PMMA substrate. This difference can result from a
combination of several factors related to the polymer structure

and composition, as well from the structural response of these

materials to irradiation. This requires a more extended study;
however, within the scope of this article, we can conclude that
the PC material is applicable for the suggested patterning
scheme similarly to PMMA. Higher rates and values of the sur-
face height reduction can be achieved by increasing the ion
energy. These results are consistent with previous reports on
chain scission, cross-linking, and material compacting under the
exposure to different types of electromagnetic and corpuscular
radiation [26,27].

Irradiation of PDMS

In terms of surface morphology and its dependence on the irra-
diation fluence, the results obtained for PDMS samples appear
to be significantly different from the results obtained for
PMMA and PC samples. Figure 7 shows examples of He* ion
irradiation of 15 nm PtgyPd4o/PDMS samples using square and
circular patterns. Here, the irradiation of the PDMS samples
with He™ FIB results in the formation of complex surface
patterns. The patterns are composed of surface depressions in
the irradiated areas and surface ripples surrounding the irradi-
ated areas. The surface depressions have concave shapes, which
are characterized by maximum surface depths at the geomet-
rical centers of the irradiated squares (Figure 7a) and circles
(Figure 7b). Some additional features (rectangular elevations at
the left-hand sides of circles B2 and B3 in Figure 7b) are arti-
facts generated by scanning these areas with the He" ion probe

beam for imaging just after the irradiation.
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Figure 7: HIM images of square (a) and circular (b) arrays produced in 15 nm PtgoPd40/PDMS samples by irradiation with different fluence values of
25 keV-He* ions. In both images, the irradiation fluence increases in the following raster scan order: A1 (3.7 x 1013 cm=2), B1 (2.0 x 1014 cm~2), C1
(3.7 x 10' cm=2), A2 (5.3 x 10'* cm2), B2 (1.0 x 10"® cm=2), C2 (2.0 x 10'% cm=2), A3 (2.5 x 105 cm=2), B3 (5.0 x 1015 cm2), C3

(3.7 x 1013 cm=2). The lowest fluence was irradiated in two cells (A1 and C3) to control the reproducibility of the obtained results.

The dependence of the maximum surface sinking depth on the
ion fluence was measured in both arrays and is presented in
Figure 8. In contrast to the fluence dependence for PMMA and
PC samples, the graphs for PDMS samples include a region
with a negative slope within an intermediate fluence range
(from 3.7 x 1014 cm™2 to 2.0 x 10!5 cm™2). This means that, at
low- and high-fluence values the irradiated material volume
pulls the surface down, whereas in the intermediate fluence
range it pushes the surface back to the baseline position. In
other words, with an increase in the irradiation dose, the PDMS
material first shrinks, then swells, and then shrinks again.
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Figure 8: Fluence dependence of the irradiation-induced depth for a
15 nm PtgoPd40/PDMS sample irradiated with a 25 keV He* FIB within
a fluence range from 3.7 x 103 t0 5.0 x 1015 cm=2. The depth is deter-
mined as the maximum depth within each irradiated area. Red squares
and blue circles correspond to measurements performed in the irradi-
ated areas of Figure 7a and Figure 7b, respectively.

The concave shapes of the surface inside of the irradiated
PDMS regions can, to a large extent, be attributed to the elas-
ticity of this material. A very low Young’s modulus for the
Sylgard-184 PDMS material, ranging from 1.32 to 2.97 MPa
[28], provides a long-range strain relaxation when compared to
a short-range strain relaxation in non-elastic polymers, such as
PMMA and PC. Therefore, instead of directly projecting the
initially flat surface to another depth position, the irradiation-in-
duced strain warps the pristine surface. The existence of long-
range strain fields, sufficient for a significant deformation in the
surface of our PDMS samples, is identified by the observation
of ripple patterns around the irradiated areas. Other features as-
sociated with the strain fields in highly elastic materials are the
sharp surface elevations or depressions at the corners of the
irradiated squares in Figure 7b. Considering continuum
mechanics, these features are places where mechanical stress
can concentrate, resulting in the enhancement of local deforma-
tions.

In numerous previous studies, the occurrence of ripples (also re-
ferred to in the literature as ”wrinkles”) on the irradiated PDMS
surface has also been reported. This is attributed to the forma-
tion of a silica-like, stiff skin layer that buckles to release the
accumulated strain energy [29]. Remarkably, we did not
observe any rippling in the irradiated areas within the entire
fluence range. The only ripple patterns we observed were those
generated by the stress field outside the irradiated regions,
where there is no skin or any other structural or compositional
material modification. One of the likely reasons for the absence
of rippling inside of the irradiated areas in our PDMS samples
is that the density of the total energy lost by He" ions in the
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samples is not large enough to build up a sufficiently high stress
to trigger rippling. This result is also interesting with regard to
potential applications, because it opens up for a possibility of
changing the surface curvature at the microscale while
preserving the surface morphology at the nanoscale.

An even more remarkable result is the transition from shrinkage
to expansion and then from expansion to shrinkage, as a func-
tion of the irradiation fluence (Figure 8). To explain this non-
trivial surface kinetics, we assume that the structural transfor-
mations in the irradiated PDMS material depend on the me-
chanical strain induced in the irradiated polymer volume by the
compacting process. In this case, the strain accumulates with
the irradiation fluence and, at a certain fluence value, it reaches
a threshold level above which changes in the structural recon-
struction processes are observed. This leads to the transition
from a compacting to an expanding phase. We emphasize that
such a transition is favorable from a thermodynamic point of
view because the volume expansion provides relaxation of the
tensile strain specifically at the compacted regions. Therefore, it
results in the reduction of the strain energy accumulated in the
system. The energy minimization provides a thermodynamic
force for the strain relaxation. In addition to this, the ion irradia-
tion is needed to break atomic bonds and to lower the energy
barrier for material expansion and relaxation. This entirely
phenomenological model is consistent with the conclusions
drawn in a previous study [25], in which swelling was observed
in PDMS samples irradiated with a 2 MeV proton beam. In that
the case, the irradiated surface was fabricated by cutting a piece
of the PDMS polymer from a bulk sample. In contrast, the irra-
diation of a pristine PDMS surface of this sample resulted in
material compacting. The authors explained that this difference

was due to mechanical stress in the cut surface.

Other important aspects of the transformation of the PDMS
sample induced by ion irradiation include irreversible changes
in the material structure and in the elastic properties with an
increase in the irradiation dose [21-25]. These factors can con-
tribute significantly to set the threshold dose for the first strain-
driven transition and can be responsible for the occurrence of
the second transition followed by material shrinkage in the
high-dose range. We also do not exclude that a certain accumu-
lation of gases from radiolysis inside the irradiated volume
occurs in our samples, and to some degree it can contribute to
shape the dependence between depth and fluence presented in
Figure 8. Further structural studies are required to complement
the contribution of the radiation effects on the material parame-
ters.

We emphasize that the suggested method for controlling the

out-of-plane position of the surface features can be interesting
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for the fabrication of a range of microoptical and microfluidic
devices and microelectromechanical systems (MEMS). Possible
applications of the method for microoptical devices are dis-
cussed in detail in our previous work [4]. They include tuning
the thickness of the dielectric layer in the metal-insulator—metal
(MIM) structures used in linearly variable bandpass filters
(LVBFs) [30-33]. The capabilities of PDMS substrates to in-
duce multiscale surface curving are also very interesting
regarding the manufacturing of photonic structures and micro-
lens arrays. Nanometer-thick gaps and cavities with prefabri-
cated nanostructures can be implemented in different schemes
for nanoparticle control and separation in microfluidic systems
[34], and as components of actuators or switches in MEMS
[35,36].

Considering the future technological potential of the suggested
method it is important to comprehend its limitations and advan-
tages, especially in comparison to the direct 3D patterning with
FIB milling. First of all, we noticed that the method is limited to
the fabrication of low-aspect-ratio pattern features and does not
impose a challenge to the area of high-aspect-ratio and high-
lateral-precision 3D structures, in which FIB milling is a well-
established technique for a broad range of materials. This limi-
tation results from a combination of the limited capacity of the
polymer substrates to shrink and a relatively large lateral
straggle of He™ ions scattered in the bulk of the polymer materi-
als. For instance, in the case of patterning with He* ions
(Figure 2), the maximum depth of a surface depression achieved
in the high-fluence range is approx. 250 nm, while the projected
lateral straggle of He™ ions is approx. 120 nm, as calculated
with the SRIM code. The lateral straggle value gives a rough
estimate of the smallest lateral size of the interaction volume
involved in the shrinking process. Therefore, it estimates the
smallest possible lateral size of the surface depression and the
lateral precision achievable in this example. In addition, this
method is only applicable to systems containing materials that
shrink or swell under ion irradiation.

The most promising feature of the subsurface processing is its
capability to pattern the out-of-plane position of objects (thin
films and nanostructures [4]) prefabricated on the surface by
other techniques, which can also include FIB milling. Thus, the
subsurface processing can be exploited either as an editing tool
or as one of the patterning steps in combination with different
patterning processes for the fabrication of devices containing
complex hierarchical structures composed of both nano- and
micropatterns. Owing to the very small ion-induced sputtering
impact, in the case of irradiation with He™ ions, the method is
unsusceptible to a range of drawbacks associated with FIB
milling, including redeposition of sputtered material, preferen-

tial milling, and edge effects [1,37]. Other harmful effects re-
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sulting from the interaction between ions and materials, such as
structural damage and chemical modification that affect func-
tional properties of the near-surface layers, are substantially
reduced in comparison to FIB milling. Another advantage of the
subsurface processing is that the local heating is negligible in
comparison to ion milling with heavy ions [38,39]. This is due
to the fact that the energy loss of He* ions in the patterning ap-
proach is spread over larger stopping distances than that in the

case of milling with heavy ions.

One of the major advantages of FIB milling with heavy ions,
which is often cited in the literature, is its high patterning speed.
However, the results of this work (Figure 2) show that in the
case of milling PMMA polymers this advantage is no longer ob-
served in comparison to the fluence rates achieved with He*
ions because of the substantial retardation of the milling process
in the high-fluence range.

Conclusion

In summary, the role of the subsurface and surface processes in
the modification of the surface morphology of thin metal films
was studied for three types of polymer substrates (PMMA, PC,
and PDMS) by exposing these materials to He™, Ne*, and Ga*
FIBs in a Zeiss Orion NanoFab Helium Ion Microscope. We
demonstrated the out-of-plane film patterning by the He* FIB
for all three polymer substrates coated with thin PtggPdy( films.
The ion-induced material modifications in the bulk of the
underlying polymer substrates generate film patterning while
sustaining the essential film features. The irradiation of the
Au-coated samples results in delamination of the Au thin film
followed by its bulging and perforation, which points to the im-
portant role of available pathways for the desorption of gases
resulting from radiolysis. The irradiation with Ne* or Ga* ion
beams destroys the films and roughens the surface due to the
prevalence of a sputtering process induced by ions with a high
mass. In contrast to the flat surface depression observed in the
case of PMMA and PC substrates, complex, multiscale surface
patterns, and a transition from polymer compacting to polymer
swelling were observed in PtggPdyo-coated PDMS samples irra-
diated with He" ions. The formation of complex surface shapes
in this case is attributed to the inherent elasticity of the PDMS
material. The transition from polymer compacting to polymer
swelling is explained by the irradiation-induced mechanical
strain accumulation followed by the relaxation of this strain at a

certain critical value.

Experimental

Materials and samples

The PMMA and PDMS substrates used in this study were
deposited onto the surface of blank silicon wafers. The deposi-

tion of PMMA was performed by spin coating in an RRT Lanz
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EBS 11 spin coater, in the same manner described in [4]. After
the deposition, the samples were annealed at 200 °C for 90 s to
remove solvent residuals. The PDMS polymer used was a two-
component Dow Sylgard ™ 184 silicone elastomer with a hard-
ness value of 43 in the Durometer Shore scale. After mixing the
components, the elastomer was deposited onto the surface of the
silicon wafer, degassed in vacuum, and cured for 48 h at room
temperature, which resulted in the formation of an approx.
0.8 mm thick PDMS layer. For the preparation of PDMS sam-
ples we intentionally avoided any spin coating, in order to fabri-
cate a uniform layer that is free from any spinning-induced
structural anisotropy [40]. The PC samples were 10 x 10 mm?
square pieces cut from 1.5 mm thick wafers of an optical-grade
PC polymer manufactured by microfluidic ChipShop GmbH.

Thin metal films of either a PtggPdyg alloy or of Au were
deposited onto the surface of the polymer substrates to study the
patterning of these films by in-bulk processes. An important
argument for using metal films is that these films prevent sur-
face charging. The use of charge compensation by irradiation
with electron beams can generate additional radiation damage in
polymer materials. The PtgyPdyq alloy films were deposited by
DC sputtering as described in [4], in a Cressington 208HR
sputter apparatus. The Au films were deposited with an e-beam
in a Cryofox Explorer 600 physical vapor deposition system.
We have been using very thin metal films (5 and 15 nm thick)
to minimize the ion path length in these films and potential

sputtering effects.

FIB irradiation and sample characterization

The irradiation of the samples with He*, Ne*, and Ga* ions was
done in a Zeiss Orion NanoFab Helium Ion Microscope at a
landing energy of 25 keV and with different fluence values
ranging from 1.0 x 103 ¢cm™2 to 2.0 x 10! cm™2. The beam
current was kept at a value of approx. 1.7 pA for all irradiation
experiments with He* and Ne* ions, and at approx. 2.0 pA for
irradiation experiments with Ga* ions. All irradiation experi-
ments were performed in a single raster scanning mode with
multiple passes and a beam dwell time of 2 ps. Arrays of
10 x 10 um? squares irradiated with different doses were used
for measuring the dependence of the surface height on the irra-
diation dose, as previously described [4]. The distance between
the square edges was kept at either 10 or 15 pum to avoid
possible interactions between the irradiated areas, such as the

overlaps originating from transverse ion straggle.

The samples were characterized with AFM and HIM. The mea-
surements of the surface height were performed with a Veeco
Dimension 3100 AFM instrument in the tapping mode. High-
resolution imaging with a He™ ion-beam probe was performed

using a very small beam current (below 0.1 pA) to minimize
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imaging artifacts from radiation damage generated by the probe
beam.

Supporting Information

SRIM simulations of collision and ionization in 5 nm
PtgoPd4(/200 nm PMMA samples irradiated with He™, Ne*,
and Ga* FIBs.

Supporting Information File 1

SRIM simulations.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-151-S1.pdf]
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Abstract

While the application of focused ion beam (FIB) techniques has become a well-established technique in research and development
for patterning and prototyping on the nanometer scale, there is still a large underused potential with respect to the usage of ion
species other than gallium. Light ions in the range of m = 1-28 u (hydrogen to silicon) are of increasing interest due to the avail-
able high beam resolution in the nanometer range and their special chemical and physical behavior in the substrate. In this work,
helium and neon ion beams from a helium ion microscope are compared with ion beams such as lithium, beryllium, boron, and
silicon, obtained from a mass-separated FIB using a liquid metal alloy ion source (LMAIS) with respect to the imaging and milling
resolution, as well as the current stability. Simulations were carried out to investigate whether the experimentally smallest ion-
milled trenches are limited by the size of the collision cascade. While He* offers, experimentally and in simulations, the smallest
minimum trench width, light ion species such as Li* or Be" from a LMAIS offer higher milling rates and ion currents while outper-
forming the milling resolution of Ne* from a gas field ion source. The comparison allows one to select the best possible ion species

for the specific demands in terms of resolution, beam current, and volume to be drilled.

Introduction
In modern nanotechnology, focused ion beam (FIB) techniques  ysis. One of the main components of such a FIB system is the
are well-established for nanoscale structuring, local surface ion source providing the needed ion species [1]. Currently, the

modification, doping, prototyping, as well as for ion beam anal- majority of such instruments use a gallium liquid metal ion
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source (Ga-LMIS), but the demand in research as well as in the
industry for other ion species is increasing permanently. Today,
nearly half of the elements of the periodic table are demon-
strated to be usable in FIB applications [2]. In particular, light
elements in the mass range of m = 1-28 u (hydrogen to silicon)
and energies between a few and 80 kiloelectronvolts are of
special interest. The combination of this energy range with the
particular mass range allows one to reach single-digit nanome-
ter and even sub-nanometer resolution. This mass range is of
interest due to the interaction of the ions with the near-surface
region and, among other use cases, the application of these ions
for indirect or resist-aided lithography [3]. The introduction of
the helium ion microscope (HIM) [4], working with a gas field
ion source (GFIS), about ten years ago solved a lot of problems
in this field. However, besides the excellent resolution of the
beam, there are also some disadvantages such as small avail-
able currents in the low-picoampere range, low number of sput-
tered ions per incident ion (sputter yield) during structuring, or
the formation of helium bubbles in the substrate when using
high fluences [5]. In addition to many imaging applications,
HIM has been used to create and study new device concepts, in-
cluding the fabrication of nanometer-sized ferromagnets [6], the
controlled tuning of memristive properties of 2D materials [7],
the fabrication of graphene nanomeshes [8], the formation of
single Si nanocrystals embedded in SiO, for single-electron
transistors [9], the spatially resolved engineering of the thermal
conductivity in individual Si nanowires [10], as well as the
creation of nano-Josephson superconducting tunnel junctions in

high-temperature superconductors [11].

Although HIM is highly suitable for imaging and nanometer-
scale patterning, there is a need of focused ion beams other than
helium or neon with comparable properties. Alternative devel-
opments were made using laser-cooled magneto-optical trap ion
sources (MOTISs) [12] or classical FIBs equipped with mass
separation and liquid metal alloy ion sources working with suit-
able alloys containing light elements [2].

In the past, mostly heavier ions have been used in liquid metal
alloy ion sources (LMAISs). A number of applications have
been shown, including using mass-separated FIBs from a
Co3Ndgqs LMAIS to implant Co into Si at elevated tempera-
tures, leading to metallic CoSi; nanostructures down to 20 nm
[13]. Ge nanowires could be grown by molecular beam epitaxy,
via a vapor-liquid—solid process, on a Si substrate after forma-
tion of a regular seed array using a mass-separated FIB for Au
implantation from a Aug,Sijg LMAIS [14].

In this work, the performance of light ion beams from LMAISs
will be compared with that of helium and neon ions delivered

by the GFIS of a HIM. In Figure 1, a comparison of the perfor-

Beilstein J. Nanotechnol. 2020, 11, 1742-1749.

mance with respect to the achievable spot size as a function of
the beam current for light-ion FIBs and some commercially
available FIBs with heavier primary ions is shown. The best
values from the literature are evaluated to compare the beam
profiles of different ion and source types. Deterioration of the
spot size due to vibrations or thermal drift are not explicitly
considered in this work, since they are not a fundamental limita-

tion but rather depend on the tool and the setup.

10000
v

—~ v '
S
£ 1000t ¥
g v
E= .4
> 100 v
o) v
0 v’

o v¥ » ® HeGFIS exp. this work
o)) A Ne GFIS exp. this work
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Figure 1: Comparison of the spot size (imaging resolution) as a func-
tion of the ion beam current for different relevant FIB systems deter-
mined theoretically [15] (r50) and from experiments using a 20% to
80% rise of intensity for He, Li [16-18], Ne, and Ga [19]. The beam size
criterion for Xe [20] is unknown.

Experimental

Depending on the application, a FIB column can be operated in
different modes. High currents can be obtained in a crossover
mode (large-diameter apertures) delivering a weaker resolution
[2]. Better resolution requires lower currents (in crossover
mode) or a parallel or divergent beam to avoid beam broad-
ening caused by Coulomb interaction. The beam spot size d can
be described in the following form [2]:

d=\/(qu)2+d§+dé. (1)

Here, dq is the virtual source size, which is of utmost impor-
tance for the achievable resolution of the FIB. For a LMAIS, it
depends on the ion mass and typically has values in the range of
20 to 50 nm [21]. For a GFIS used in a HIM, this value is, under
optimal conditions, about 100 times smaller, comparable to the
size of a single atom. M denotes the magnification of the
column [22]. The quantities dg and d are defined as the spheri-

cal and axial chromatic aberrations, respectively, given as:
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3
ds Z%Csa , dC =Cc%0(. (2)

Here, Cg and Cc are the spherical and chromatic aberration
coefficients of the ion optical column, respectively [22]. The
quantity o is the acceptance half-angle on the sample and can be
determined by a2 = I*(@M2(d1/dQ)) ", where I is the ion cur-
rent and dI/dQ is the angular intensity [22]. The energy spread
AFE of the ion source is a second key parameter for the final
resolution concerning the chromatic aberration. While this value
varies for different LMAISs, it is less than 1 eV for a GFIS
[23,24]. E denotes the primary ion energy. For our special case
of interest, that is, light ions and small ion beam currents, the
spherical aberration can be neglected and diffraction phenome-

na, important for electron beams, have no impact [25].

In the following, the discussion will focus on the usage of
GFISs and LMAISs in FIBs. GFISs are operated with highly
purified helium or neon. No additional mass separation is re-
quired in the column. In a LMALIS, in contrast, the source mate-
rial is a complex alloy delivering several ion species simulta-
neously in a process of field evaporation. This initially provides
a beam containing ions with different masses and charge states,
whose fractions depend on the composition of the alloy and the
ionization probability. To overcome this problem, an ExB mass
filter is introduced in the ion optical column, described in more
detail in [2]. In principle, an ExB filter acts as a velocity filter
and splits the beam according to the mass-to-charge ratio of its
constituents. The mass resolution m/Am of an ExB filter can be
written in the following form [26]:

Beilstein J. Nanotechnol. 2020, 11, 1742-1749.

:LL(AI_,_D).

W,eo d\2 3

Am

Here, U, is the acceleration voltage of the ion beam and E| is
the electric field strength of the filter perpendicular to the
optical axis of the ion column. / is the filter length, D is the dis-
tance between the filter and the separation aperture at the exit of

the filter, and d is the diameter of this aperture.

As an example for a LMAIS mass spectrum, we show results
obtained with a Gaz3Bis7Lijg source [17] in Figure 2. The used
FIB system is equipped with a retarding field analyzer and is
described elsewhere [27]. This setup allows one to determine
the energy spread of all ion species that can be extracted from
the LMAIS. This is important to determine the chromatic aber-
ration, which strongly influences the achievable resolution of
the FIB. The current was measured using a secondary electron
multiplier and is therefore given in arbitrary units. For the light
isotope °Li* at 1 uA emission current a AE of 3 eV could be de-
termined [17], which is in a good agreement with the AE ~ m!/3

dependence for single-charged monomers [2].

In the noble gas irradiation experiments described here, a GFIS
in a helium ion microscope ORION NanoFab (Carl Zeiss)
[5,28] was used. For irradiation with light metal ions, a LMAIS
installed in a FIB/SEM VELION system (Raith) [2,18,29] was
used. All milling experiments were performed on a 100 nm thin
gold film on glass. For measuring the trench width milled into
the gold layer, either the same primary ion beam microscope or
a scanning electron microscope have been used to image the

1000 | git
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o

current (arb. units)

©
-

30

50

. Gay,Bi,Li,, -LMAIS

7169 ut
7

100 200 300
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Figure 2: Mass spectrum of a GazsBiszLijg LMAIS at an acceleration potential of 10 kV scanned by the ExB voltage using a constant magnetic field.

The numbers below the ion label specify the total ion mass m in u.
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sputtered trenches. The investigated sources are listed in
Table 1. Details of fabrication and operation principle are given

in the corresponding references.

Results and Discussion

Resolution values obtained with different light ion species on a
Au film are summarized in Table 2. The sputter yields Yie, for
normal incidence based on the work of Yamamura et al. [34]
are also given in Table 2. They are in a good agreement with the
experimentally determined data from literature (volume-loss
method), for example, for 30 keV helium in gold Yey, = 0.13
and for 35 keV lithium in gold Yexp = 0.4 [17]. Single-pixel

Beilstein J. Nanotechnol. 2020, 11, 1742-1749.

lines have been milled with different fluence values using small
ion currents to get the best possible resolution. The imaging
resolution was determined by sweeping the beam over a sharp
border in a one-line scan and examining the slope in 80/20 in-
tensity mode. For determining the imaging resolution in HIM,
few pixel wide line profiles are made across selected edges in
previously recorded images with an appropriate pixel size and

are evaluated according to the same 80/20 criterion.

Representative images used to obtain the results in Table 2 are
shown in Figure 3. They should be exemplary for demon-
strating the imaging and milling resolution of the different ion

Table 1: Light ion species, source type, source temperature for GFIS and LMAIS, source material, emitter tip material, and corresponding references.
For the LMAIS, the listed temperatures are the melting points of the eutectic alloy. The actually used temperatures are a little higher.

Light ion species Source type Toperation (K)
He*, Ne* GFIS 80

Li* LMAIS 495

Bet, Bet* LMAIS 640

B*, B** LMAIS 920

c* LMAIS 933

Sit, Sit* LMAIS 638

Material Emitter Ref.
He, Ne gas W [4,5]
GassBigoLis w [1 8]
Au70SiisBe1s w [30]
CO31 Nd64Bs Ta, W [31]
CgoAH 00670 Ta [32]
AUggSH 8 w [33]

Table 2: Irradiation parameters for several available ions, calculated sputter yields Yiheo [34] of Au, imaging resolution (80/20 criterion), the smallest
achieved milling trench width and typical ion beam currents as well as their stability logged over several hours. Literature values are indicated by their

reference, data from this work is marked by an asterisk.

Source lon Yiheo [33] on Au  Imaging resolution Trench width lon beam current stability
GFIS
30 keV “He* 0.12 (0.38£0.08) nm[5] 5nm|[5] (0.54 £ 0.01) pA
1.9%over1h*
25 keV 20Ne* 5.4 2.85 nm [35] 12 nm * (0.64 + 0.04) pA
6.3% over1 h*
LMAIS
CoNdB 35keV 1B+ 1.74 (19+2)nm* no data (19.2 £ 0.4) pA
2.1% over 2.5h [31]
GaBiLi 35 keV “Li* 0.5 (29+0.5) nm* 6 nm * (2.89 % 0.08) pA
2.8% over 16 h *
35 keV 209Bj* 27 11 nm * 50 nm [36] (228 + 1.6) pA
0.7% over10h *
Ga 35 keV 70Ga+ 18 2 nm [37] 8.4 nm [38] (19+£0.2) pA
1.1% over 67 h *
AuGeSi 70 keV 74Ge** 21 10 nm * 20 nm* (14 + 0.5) pA
3.6% over 15h *
AuSi 70 keV 197 Aut+ 35 10-15 nm [30] 19 nm [38] (7+£0.2) pA
2.9% over 25 h [30]
70 keV 28gj++ 8.42 6-10 nm [30] 13 nm [38] (12 +0.4) pA
3.3%over15h*
AuSiBe 70 keV 9Be++ 0.84 3—4 nm [30] 7 nm [38] (6.2+0.1) pA

1.6% over 10 h *
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Figure 3: Examples using different ions: a) 30 keV He*, field of view (FOV): 1.5 x 1.5 um?, trench width: 4 nm, b) 40 keV Li*, FOV: 2.5 x 2.5 um?,
trench width: 6 nm, c) 25 keV Ne*, FOV: 2.5 x 2.5 um?, trench width: 12 nm, d) 70 keV Be**, FOV: 1.9 x 1.9 pm?, best imaging res: (4.0 + 0.5) nm,
e) 35 keV Li*, FOV: 1.2 x 1.2 pm?, best imaging res: (2.9 = 0.5) nm, f) 35 keV B*, FOV: 1.6 x 1.6 umZ2, best imaging res: (19 + 2) nm.

beams. Figure 3 also shows the best imaging resolution for
lithium and boron published so far. Examples for the other ion
species can be found in the references listed in Table 2.

The resolution results for the different ion species listed in
Table 2 are plotted in Figure 4. The minimum milling width in
dependence of the ion mass, determined from sputtered fea-
tures (lines, holes), follows a weak linear increase in the double-
logarithmic plot. In the case of the imaging resolution the be-

havior is not so clear. There is a strong variation of the results,

due to different beam profiles and ion optical columns, but the
imaging resolution is always better than the corresponding
milling resolution. The relative difference between the resolu-
tion in the two different modes is more pronounced for the
GFIS compared to the LMAIS, that is, from 5 nm (milling) to
0.4 nm (imaging) for helium (13 fold) but only from 6 nm
(milling) to 4 nm (imaging) for lithium (1.5 fold).

The simulated minimum milling width of a 30 keV point-like
ion beam in Figure 4 has been obtained using SRIM [39]. The
“monolayer collision steps/surface sputtering” mode has been
used to simulate the size of the collision cascade and the origin
of sputtered particles. From 2.5 x 10° ion impacts, for light ele-

101! E
= ]
£
C
°
|
2
@ 10° 4 -
o« 1 o Exp. Milling
Hg* o Sim. Milling
< Exp Imagmg
10° 10! 102
lon Mass (u)

Figure 4: Summary of the imaging resolution (80/20), experimentally
achieved trench width, and simulated minimum milling width (FWHM)
for FIBs working with different ion species and technologies depending
on the ion mass. The line serves as a guide to the eye.

ments such as hydrogen, down to 5000 ion impacts, for
uranium, have been simulated (1 x 10 in total for all elements).
The emission position of the sputtered particles (8.5 x 10° in
total for all elements) has been evaluated in terms of the dis-

tance to the impinging ion. To account for the milling of a line
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we calculated the projected distance instead of evaluating the
radial distance of the emission site from the beam center. The
resulting Gaussian-like sputtering profiles have been normal-
ized and analyzed for the full width of the profile at half height
or corresponding trench depth (FWHM). The normalized ex-
pected trench profiles from a point-like beam in a gold sub-
strate have been plotted for selected ion species in Figure 5. The
beam profiles however, are not Gaussian and the edge profiles
cannot be described by simple error functions due to the en-
hanced secondary electron yield on the sample edges. While the
imaging resolution was measured using the 80/20 criteria, this is
not suitable for trenches. To compare the image resolution with
the trench width, for Gaussian profiles, the reader would have to
multiply the 20/80 resolution value by a factor of 1.39.

Hydrogen
Helium
Lithium
Neon
Gallium
Gold

Norm. Sim. Trench Depth

-1 0 1 2 3 4 5
Radius (nm)

Figure 5: SRIM simulation [39] of the sputter profile from a 30 keV
point-like beam in a gold substrate as a function of the ion mass. The
dotted line denotes 50% trench depth and corresponds to the minimum
milling width of a point-like ion beam.

The simulated minimum milling widths are clearly smaller than
the experimentally achieved results for all ion species. The main

100 e
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limiting factor for most of them is the spot profile of the ion
beam itself. The two exceptions are helium and gallium for
which the spot size should be smaller than the simulated
minimum milling width. For 30 keV helium in gold, a spot size
of 0.38 nm [5] is smaller than the simulated minimum milling
of 1.3 nm and much smaller than the smallest achieved trenches
of 5 nm [5]. An explanation could be the neglected ion beam
stability, mechanical vibrations, drift, or electromagnetic fields
during realistic long-term milling processes for light ions due to
the small sputter yield (0.12 for 30 keV He in Au [34]). Addi-
tionally, large fluences, necessary for deep milling, often cannot
be applied when using light ions since the implantation will lead
to bubble formation in the target material [40,41]. Gallium in
gold has a larger sputter yield of 18 [34] and much higher beam
currents are available. Both significantly reduce the milling time
and, consequently, the influence of mechanical or electronic
drifts. In addition, gas bubble formation will not take place
when Ga ions are used.

To discuss the deviation between the simulated minimum
milling width and the achieved trench widths in more detail, the
experimental sputter beam profiles have been analyzed further.
For HIM, the profiles of the helium beam were measured by
examining sputtered lines [42] as well as pores [43] in mem-
branes. Gallium is used and optimized for industrial and scien-
tific applications and sputtering beam profiles were measured
by TEM [44,45]. The additional influence of the required ExB
filter for multi-element or multi-isotope LMAISs is a further
factor of uncertainty that, in general, will worsen the achiev-
able spatial resolution.

Literature data for He and Ga are compiled in Figure 6. Normal-
ized half profiles (ion beam radius) for helium beams averaged
for different substrates (taken from [42,43]) and for 40 keV Ga
beams on a crystalline Si sample from different studies [44,45]

He™* 10 pA, Shorubalko et al. [42], FWHM = 4.3 nm
He™* 6.2 pA, Emmrich et al. [43], FWHM = 8.2 nm
He™* 0.5 pA, Emmrich et al. [43], FWHM = 3.8 nm
Ga* 1.5 pA, Shorubalko et al. [42], FWHM = 6.3 nm
Ga* 18 pA, Shorubalko et al. [42], FWHM = 20.1 nm
Ga* Model by Greenzweig et al. [44], FWHM = 8.0 nm
Ga* Model by Tan et al. [45], FWHM = 10.8 nm

Figure 6: Comparison of the normalized ion beam profiles (normalized half profiles = beam radius) obtained from 1/fluence-dependent milled struc-
tures of a helium beam (HIM) on different targets [42,43] and a Ga-LMIS driven FIB [44,45].
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are plotted and fitted by a double Gaussian for comparison in
Figure 6. The near-axis resolution of the He beam from a
GFIS is smaller than that of the LMIS-driven Ga FIB but the
beam tails lead to a comparable behavior along the profile
with increasing fluences and, correspondingly, higher milling
rates.

The beam tails visible in the sputtering profiles are not visible
in the 20/80 imaging resolution tests. This is one contribution
leading to larger trenches than expected from the image resolu-
tion. Another explanation why the spot size is always smaller
than the measured trench width could be the different sample
types used for the measurements. While ultimate imaging reso-
lutions are typically measured as an edge contrast on thin free-
standing membranes, trenches are typically milled in a metal
layer of a few nanometers thickness. Milling membranes
removes their support from one side and dangling bonds can
lead to morphological changes making milling tests difficult to
interpret. In metal layers of a few nanometers thickness, sputter
redeposition can take place, which is not taken into account in
our static SRIM simulation. As mentioned above the milling of
trenches also takes much longer than recording line profiles for
capturing SE images, leading to an increased susceptibility for
mechanical and electromechanical disturbances.

Conclusion

In this article, the performance of light ion beams from LMAIS
FIBs in terms of imaging resolution and minimum milling
width were compared with those of helium and neon beams pro-
vided by a GFIS-driven HIM system. According to our simula-
tions and experiments, the imaging and milling resolution of all
systems is determined by the ion beam profile and the stability
of the ion beam and the instrument itself. While GFIS-driven
noble gas beams still deliver the best lateral resolution, LMAISs
allow for a wider application spectrum due to the vast number
of different ion species and charge states available. Especially
for very light ions, such as Li, LMAIS FIBs provide nearly the
same milling resolution. Improvement is possible in both cases
as GFIS technology can be extended to other gases [46-48].
Resolution improvements should be obtainable for both tech-
nologies using better optics and optimized platforms.
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Abstract

A detection system based on a microchannel plate with a delay line readout structure has been developed to perform scanning trans-
mission ion microscopy (STIM) in the helium ion microscope (HIM). This system is an improvement over other existing ap-
proaches since it combines the information of the scanning beam position on the sample with the position (scattering angle) and
time of the transmission events. Various imaging modes, such as bright field and dark field or the direct image of the transmitted
signal, can be created by post-processing the collected STIM data. Furthermore, the detector has high spatial and temporal resolu-
tion, is sensitive to both ions and neutral particles over a wide energy range, and shows robustness against ion beam-induced
damage. A special in-vacuum movable support gives the possibility of moving the detector vertically, placing the detector closer to
the sample for the detection of high-angle scattering events, or moving it down to increase the angular resolution and distance for
time-of-flight measurements. With this new system, we show composition-dependent contrast for amorphous materials and the
contrast difference between small-angle and high-angle scattering signals. We also detect channeling-related contrast on polycrys-
talline silicon, thallium chloride nanocrystals, and single-crystalline silicon by comparing the signal transmitted at different direc-
tions for the same data set.

Introduction
The helium ion microscope (HIM) is an instrument that has  [1,2]. It generates a focused helium (or neon) ion beam with
already proven its value for high-resolution imaging, composi-  sub-nanometer spot size and rasters it across the sample. The

tional analysis, nanofabrication, and materials modification beam can be used for both imaging and modification of sam-
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ples at the nanometer scale. The standard and most widely
used imaging mode in the HIM is using an Everhart-Thornley
detector (ET) [3] for collecting secondary electrons (SEs)
emitted from the top surface of the sample, which carry mainly
topographic information [4].

Other detectors and signals have been used to expand the capa-
bilities of the HIM. Imaging with back-scattered particles [5,6]
can add compositional information and reveal buried structures
[7]. Ionoluminescence has been studied by detecting the light
emitted from the sample during ion bombardment [8-10]. More-
over, compositional analyses using secondary ion mass spec-
trometry (SIMS) can be performed in the HIM with a lateral
resolution of the order of 10 nm [11-14].

Transmission-mode imaging can further improve the capabili-
ties of the HIM since it depends on different contrast mecha-
nisms and gives information on sub-surface features as well.
There are several ways of using the transmitted signal to form
an image. In thin samples, the helium bean also generates SEs
that can leave the sample from the bottom surface. This type of
SEs was already used as an imaging signal [15]. More common-
ly, transmission imaging signals depend on the particles that
pass through the sample and on how they are scattered. In
bright-field (BF) mode, the image is produced by mapping the
part of the beam that has suffered very little, or no, deflection.
In dark-field (DF) mode, the deflected part of the beam is used
to generate the signal for the image. In annular dark-field
(ADF) mode, the beam transmitted at a particular polar angle
region is integrated over a complete annulus. Alternatively, the
image can be formed using the beam deflected in a polar and

azimuthal angular sector.

For amorphous materials under perpendicular incidence, the
transmitted beam is expected to be scattered symmetrically
around the axis of incidence. The average polar angle of scat-
tering depends on both the material and the thickness of the
sample. Different materials and thickness combinations create
distinct polar-angle distributions of scattering, producing a
contrast similar to the mass-thickness contrast in transmission
electron microscopy. In BF mode, the areas of the sample with
little or no scattering appear with high intensity in the image,
and regions of the sample that scatter more than the collection
angle of the detector will appear with low intensity. In a com-
plementary manner, in ADF mode, the areas of the sample that
scatter to the considered angular interval will appear bright in
the image, and the areas of the sample with little scattering will
appear dark. BF imaging has the advantage of having higher
count rates for the same beam current in thin samples. On the
other hand, by adjusting the collection angles to fit the

maximum of this distribution for a given material and thickness,
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ADF imaging can enhance the contrast of certain composi-

tional features of the sample.

Crystalline materials can also give rise to additional contrast
mechanisms. In crystalline materials, the stopping force
depends on the orientation of the crystal [16]. Along some
orientations, the target atoms are aligned in rows or planes,
thereby creating easier directions for the penetration of the
projectile atom. If the projectile atom reaches the crystal at an
angle smaller than the critical angle for such an axial or planar
channeling direction, the projectile will be steered along this
direction and will experience a reduced probability of under-
going large-angle scattering. Hence, it will have a smaller
energy loss per distance compared to random directions. This
phenomenon is called the channeling effect and has been de-
scribed for megaelectronvolt ions in detail in [17]. When com-
pared to a random orientation, the channeling directions also
have reduced secondary electron [18], back-scattering and
sputter yields. Conversely, the ions have increased range and
transmission probability in these directions. Channeling contrast
in the HIM was demonstrated using SE imaging [18,19] and
using the back-scattering signal [20]. The channeling effect in
the HIM has also been studied using Monte Carlo [21] and mo-
lecular dynamics [22] simulations.

Measuring the energy of the transmitted particles is a novel
technique that adds an information channel to the previously
discussed transmission imaging modes. It will provide informa-
tion on the phenomena occurring during the projectile—target
interaction and can increase the signal-to-noise ratio [23]. Since
most likely a considerable fraction of the transmitted particles at
this energy range is neutral [24,25], magnetic or electrostatic
spectrometers cannot be used. Therefore, ion energy-loss spec-
trometry and energy-resolved imaging require an energy-sensi-
tive detector or a detection system in which time-of-flight (ToF)
measurements can be implemented.

Likewise, the use of the transmission signal in the HIM for
visualizing diffraction patterns is, in theory, possible but has not
been reported yet. Diffraction patterns yield additional informa-
tion on the crystal lattice and orientation. However, this applica-
tion demands a detector with high spatial resolution taking into
consideration the energy range and typical space restrictions in
the HIM.

In the past, several attempts to utilize the transmission signal in
the HIM have been made. One approach is converting the trans-
mitted particles into SEs by positioning a material with high SE
yield below the sample and using the ET detector to collect the
SEs coming from this material. This method has been used in

BF mode for assessing the thickness of milled materials in the
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microscope [26,27] and has also been implemented for ADF
imaging [15,28]. Mass-thickness contrast and thickness-fringes
contrast have been shown in transmission mode in the HIM
using this approach with a combined bright- and dark-field
conversion detector [29]. Another approach using an annular
microchannel plate detector was used for investigating
gold-silica core—shell nanoparticles in ADF mode [30]. These
approaches require a physical aperture to restrict the acceptance
angle when performed in BF, and a physical change of the dis-
tance between the sample and the annular detector to adjust the
acceptance angle interval when performed in DF. Most recently,
a position-sensitive detector consisting of a silicon diode array
has also been adopted for use in the HIM [31]. Later the same
group also studied channeling effects on single-crystalline
silicon with this detector [32].

In this work, we present a new system for comprehensive scan-
ning transmission ion microscopy (STIM) analyses that gives
more flexibility to the user than the earlier approaches. We
adopted a microchannel plate (MCP) and a delay line readout
structure as a position-sensitive detector to be used in the HIM.
A special in-vacuum detector support allows one to mechanical-
ly control the acceptance angle during analysis. The resulting
system has high spatial resolution and can be positioned to
detect polar angles of deflection from O to 19°, with an angular
resolution always better than 0.0033°. The selection of the
transmission imaging mode and further tuning of acceptance
angles can be done in post-processing. Additionally, ToF-
resolved recording of the transmission events can be integrated
into this system. Here, we use this system to study the mass-
thickness-dependent contrast in amorphous materials and
demonstrate transmission-channeling contrast using polycrys-
talline silicon, thallium chloride samples and beam steering in

single-crystalline silicon.

QA GFIS Column
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Experimental

The new STIM detector comprises a stack of two MCPs and a
resistive anode layer with a delay line readout structure behind
it, as represented in Figure 1c. The combination of MCPs with a
delay line readout structure as a position-sensitive detector was
first implemented for the detection of 1-15 keV electrons [33].
Since then, it has been used in many other applications such as
in astrophysics [34], transmission electron microscopy [35], and

hard X-ray photoelectron spectroscopy [36].

The working principle of the detector can be summarized as
follows: At the front side of the MCP, SEs are produced by the
impact of the impinging energetic particles (He ions and atoms).
These SEs are drawn into the microchannels due to the applied
bias. The number of SEs is multiplied by numerous collisions
along the way within the channels creating an electron cloud.
The electron cloud hits the resistive anode layer in front of the
delay lines and, by capacitive coupling, induces signals on the
delay line meanders. These signals are collected at the
endpoints of each delay line and passed through separate con-
stant-fraction discriminators. Finally, with a time-to-digital
converter, the position of the cascade is computed by comparing
the time of arrival of the pulses at the ends of each delay line.
This can be performed with picosecond accuracy and thus
makes the detector ideally suited for future ToF applications.

In the present form of the detector, we use two MCPs, each with
a 50 mm by 50 mm square active area, stacked and rotated by
90° to each other with a gap of 100 pm between them. The first
MCP has a magnesium oxide coating to increase the SE yield
[37]. The MCP pores have a diameter of 25 um and a center-to-
center spacing of 32 um. The bias angle of the pores is 16°. The
combination of delay line readout performance and MCP char-

acteristics results in a spatial resolution of 47.2 um in the

Resistive anode

X andY delay line

Figure 1: (a) Schematic representation of the STIM experiment. (b) Picture of the inner part of the chamber. (c) Schematic representation of the STIM

detector.
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x-direction and 58.1 pm in the y-direction. Effectively, the
detector has approximately 4 megapixels over its entire area.
The MCP front is biased to a potential of approximately -2 kV,
while the MCP back is kept at approximately —400 V, relative
to the anode, which is at ground potential. With this bias
scheme, in the working instrument (detectors and gauges
powered up, column isolation valve closed) at a sample
chamber pressure of 2 x 1077 mbar, we measured a dark-count
rate of 80 cps. The delay line readout has a specified maximum

count rate of 5 Mcps for randomly distributed events.

However, in practice, the count rate is limited by the non-
random nature of the transmitted particles. In thin light samples,
most of the transmitted particles will hit the center of the
detector. The pores of the MCP have an individual recharging
time of the order of 0.5 ms, estimated considering the MCP
pores as parallel capacitors and resistors. This results in the fact
that a single channel can only correctly detect count rates lower
than 2 kcps or currents smaller than 0.3 fA. In addition to that,
given that the position on the detector is calculated based on the
time difference between the signals, when dealing with multiple
simultaneous events, there might be multiple solutions for the
combinations of position and time. Therefore, when trying to
compute events that are too close in time and position, the delay
line structure algorithm might produce imaging artifacts with

shapes reflecting these multiple solutions for multi-hit events.

For each detected event, the STIM data consists of the position
on the detector, the position of the beam on the sample, and a
time reference to an internal or external signal (used in ToF
mode). The beam position on the sample is controlled by an
external scan generator, which also provides the beam position
to the detection hardware. The acquisition of the STIM data and
the external scan generator are controlled by a LabView inter-
face based on an earlier implementation used for ToF-SIMS in
the HIM [14]. The program allows for the generation of sample
images in which the gray value, or color, of each pixel is
assigned based upon the strength of the signal striking the trans-
mission detector or selected sub-regions thereof. In any case,
we store a comprehensive data set containing the 2D location
where the beam is rastered over the sample, together with the
2D location where the transmitted helium strikes the detector,
and the ToF information. Therefore, the user can generate BF,
ADF, or other DF images through post-processing the transmis-

sion data at will at any time.

The experiments were conducted using the npSCOPE proto-
type, which is a high-vacuum instrument based on the gas field
ion source (GFIS) column technology. This instrument
combines the helium ion microscopy techniques with SIMS

using a magnetic sector spectrometer, STIM with this new
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detector, and cryo-microscopy capabilities in a single instru-
ment and will be described in detail elsewhere. In comparison
to a commercial HIM, this microscope has a larger vacuum
chamber that allows for the installation of the STIM detector
and its movable support. A schematic representation of the
measuring geometry is displayed in Figure 1a together with an
overview image of the STIM detector, the stage without the
sidewall, the adapted sample holder, cryo-shields, and ion

optical column (Figure 1b).

An in-vacuum movable linear support is used to control the
detector distance to the sample. This means that the distance can
be chosen to give the best compromise between maximum
collection angle for high-angle scattering events, and angular
resolution with longer distance (and time-of-flight) for higher
energy resolution. The support consists of a vertically mounted
movable rail, on which a carriage supporting the detector can
travel up and down. The rail is mounted on a flange attached
around the pumping hole of the chamber. The motion is driven
by piezo motors (Nanomotion HR-8), and controlled by a
motion controller (Nanomotion XCDX) using a closed feed-
back loop with optically encoded linear rails (Schneeberger
Miniscale Plus). This construction is compatible with the high-
vacuum requirements, is self-locking, requires no mechanical
feedthroughs nor lubricants, and provides high accuracy
regarding the position of the detector (down to 100 nm). In the
npSCOPE prototype, the distance between the detector and the
sample can be adjusted from 101 to 496 mm, with the closest
position being limited by the current stage. In the highest
vertical position, the detection of 13.9° polar deflection angles
is possible for any azimuthal angle, or up to 19° in selected
azimuthal angles corresponding to the corners of the square

detector.

The sample is currently mounted in a way similar to the one
presented in [31]. A sample holder with an extension arm with a
hole is used to mount the sample. Since the extension arm is at-
tached at 45°, the stage has to be tilted so that the sample can be
aligned with the column axis. In order to allow the transmitted
particles to reach the detector, we removed the sidewall of the
cradle of the current stage. With a new dedicated stage design
(currently under construction), the detector can reach a mini-
mum distance to the sample of 50 mm, achieving maximum
polar angles of 25° for any azimuthal angle, or up to 33° in the
corners of the square detector. The detector support is designed
in a way that it can be adapted and installed into the commer-
cially available Orion NanoFab chamber, with a reduced travel
range.

The images presented in this work in transmission mode, unless

stated differently, were taken while operating the microscope at
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30 kV acceleration voltage, with a 10 pm aperture, in spot
control 6 (crossover position of =247 mm) and gun gas pres-
sure of 5 x 1077 mbar. These conditions provide an estimated
beam current of 50 fA. For the STIM images, a single scan with
pixel dwell time of 110 ps was used. In the SE imaging mode,
we used the line average mode with ten scans and a pixel dwell
time of 10 ps. The research data used in this publication is

available in an open access repository [38].

Results and Discussion

Mass-thickness contrast

Bright-field and dark-field contrast

In Figure 2, we show images of a carbon film under lacey car-
bon using the SE imaging mode (Figure 2a), BF STIM
(Figure 2b), and ADF STIM (Figure 2c). The data for Figure 2b
and Figure 2c was acquired in a single acquisition after
Figure 2a, and the two images were generated selecting from
the data two appropriate angular sectors of the detector.

The areas of the sample where the carbon film has the lacey car-
bon on top show different gray levels compared to the areas
where there is only a homogeneous film. In general, since the
average polar angle of scattering increases with the thickness,
correctly adjusting the cut-off angle for the BF image can effec-
tively suppress the signal from thicker areas of the sample in the
final image. In contrast, in ADF thin areas of the sample are
suppressed, while thicker regions appear bright if an appro-

priate minimum angle is chosen.

Here, we show two STIM images with different contrast using
the same data set. During post-processing, the discrimination
between ADF and BF has been done by choosing different
minimum and maximum scattering angles for each image in
order to maximize the contrast for each of them individually.
Scattering angles between 0° and 3° have been used for BF

Beilstein J. Nanotechnol. 2020, 11, 1854—-1864.

while only scattered particles with scattering angles between
8 and 13.9° have been used for the corresponding ADF. The
contrast due to the difference in thickness of the material can be

noticed in these images.

Quantitative analysis

Figure 3a is a bright-field image of a multilayer sample used
to study STIM contrast using combinations of light and heavy
elements. In the BF image (Figure 3a BF angles: 0 to 4.5°), we
can clearly differentiate all four regions based on their gray
levels. For this image we used 30 kV acceleration voltage, with
a 5 um aperture, in spot control 5, a gun gas pressure of
1.3 x 1076 mbar, and 300 us pixel dwell time.

The sample comprises a 20 nm thick silicon nitride membrane
used as a support layer. A 20 nm thick layer of silicon dioxide
was deposited on one half, visible on the upper left half of the
area in Figure 3a. Then, in the next step, a gold layer of 20 nm
was deposited on the lower left half of the sample, creating four
distinct areas on the window. The different material stacks are
indicated in the STIM image. In Figure 3b, we show simula-
tions of the exit angular distribution of 30 keV He for the differ-
ent stacks of materials that are present in the sample, using
TRIDYN [39] in static mode. The graph presented in Figure 3b
shows the corresponding transmission angular distribution for
the region used in Figure 3a. The expected contrast between dif-
ferent areas of the sample for the detection range of 0 to 4.5° is
calculated from these distributions. In Table 1, a comparison
between the contrast calculated in the simulations and the
contrast obtained from Figure 3a is given.

For this sample, the simulated and experimental contrast match
qualitatively. A quantitative analysis shows relevant differ-
ences in the intensity levels of the regions. The relative intensi-
ty level of the area with the layer of silicon dioxide on top of the

Figure 2: Micrographs of lacey carbon on carbon film. (a) Secondary electron imaging mode, (b) bright-field STIM image, with collection angle from
0 to 3°, and (c) annular dark-field STIM image, with collection angle from 8 to 13.9°. The scale bars are 1 pm.
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Figure 3: Bright-field image showing contrast due to the dependence of the exit angle on the material and the thickness of the layer. (a) Bright-field
STIM image with collection angle from 0 to 4.5° of a silicon nitride membrane with silicon dioxide deposited on the upper left half and gold deposited
on the lower left half. (b) TRIDYN simulation of the angular distribution of the transmitted beam.

Table 1: Bright-field STIM contrast comparison: Intensity of the transmitted signal from 0 to 4.5°.

Material SigNy
Average counts per pixel 45.73
Experimental signal normalized 1
Simulated signal normalized 1

silicon nitride differs considerably in experiment and simula-
tion. The signal in the area on which only gold is deposited is
stronger than expected while the signal on the area on which
only silicon dioxide is deposited is weaker. A further study on
the thickness of each layer using different techniques has not
been performed, although deviations of the layer thickness
could be responsible for the observed mismatch.

Beam steering and channeling

Polycrystalline silicon

A 15 nm thick nanoporous polycrystalline silicon membrane
(available from Electron Microscopy Sciences, item number:
76042-79) has been investigated using STIM. In Figure 4b—f
we present several STIM images, which were generated by a
single data acquisition process. Figure 4a corresponds to the
same field of view in the SE imaging mode. In the SE image
(Figure 4a), one can note that the bigger pores are completely
black, since they are totally open and no signal comes from
these areas. The smaller pores are possibly partially filled with
carbon and yield some SE signal.

The bigger pores appear dark in dark-field mode (Figure 4c—e)

because there is no scattering. Counterintuitively, the same

Si02 + Si3N4 Au + Si3N4 Au + Si02 + Si3N4
19.03 7.42 4.78
0.42 0.16 0.10
0.67 0.12 0.11

pores appear dark in bright-field mode (Figure 4b) as well.
This behavior can be explained by the intensity of the full
primary beam exceeding the local rate capability of the detector.
At a distance of 151 mm behind the sample, the beam diameter
has only widened to 53 pm and quickly saturates the MCP
pores with diameters of 25 ym, for a beam with 0.35 mrad
convergence. The high local current density temporarily
discharges the irradiated pores preventing the creation of
further electron cascades above the discriminator value, result-
ing in dark pixels. Grains that are thinner than the others, and
smaller pores partially filled with residual carbon, appear
brighter than the average in BF and darker in DF as expected.
This contrast is due to the reduced scattering that the ions
undergo when passing through such an area. Figure 4c—e
shows dark-field images created using the same polar angle but
different azimuthal directions on the detector (different from
annular dark-field images where all azimuthal angles are

considered).

The regions indicated by the arrows show contrast variations in
different azimuthal directions of detection, with the same polar
angle. The size and shape of these regions are comparable to the

size and shape of the grains of the sample. This contrast change
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Figure 4: Helium ion microscopy images of the nanoporous polycrystalline silicon membrane. (a) SE image. (b) BF STIM image with polar angle

6 < 3° and ¢ from 0 to 360°. Post-processed DF images with polar angle 8 > 6° and azimuthal angle ¢ from (c) 135 to 225°, (d) 315 to 45°,

(e) 225 to 315°. (f) Composite colored image using (c), (d), and (e) as RGB color channels. The inset shows the color mapping used in Figure 6f for
the areas on the detector. The scale bars are 250 nm. The pixel dwell time used in the STIM data acquisition was 200 ps.

can be explained by channeling and blocking effects. For a
random orientation or an amorphous material the polar angle of
the scattering would depend only on the mass-thickness prod-
uct of the traversed material and no azimuthal pattern is ex-
pected. However, for crystalline materials, depending on the
crystal orientation with respect to the beam, the ions can be
channeled along a low-index crystal axis or plane and, as a
result, are steered into a particular direction. In a STIM image
composed of the intensity in this particular polar and azimuthal
direction, the grain will appear brighter than the average (e.g.,
grain 3 in Figure 4d). Conversely, the same grain will show a
lower intensity than a randomly oriented grain for other non-
channeling directions, since the beam is not being scattered into

random directions as much as it would be the case for a

randomly oriented grains (grain 3 in Figure 4c and Figure 4d).
Figure 4f is an RGB image created using the three different DF
directions as color channels. Using appropriate azimuthal angles
for the channels, this composite image shows the grains that are
steering the beam to directions between two directions used for
individual channels presented in Figure 4c—e. For instance,
grain 5 appears as cyan (overlap between d and e) and grain 6
appears purple (overlap between c and e).

The exit-angle distribution depends on the channeling occur-
ring in the crystalline grains the beam traverses. The best
contrast for the grains is obtained at angles larger than the
largest critical angle for silicon. Therefore, we can infer that the

ions are not following the same channel from the beginning to
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the end. Since this effect would steer the beam to the angle be-
tween the crystal axis and the beam, having an upper limit equal
to the maximum critical angle for channeling. In silicon, this
value would be 3.51°, for the {110) directions, calculated using
an adaptation of [40]. This is also the direction where the mini-
mum backscattering yield (maximum transmission) is expected.
Instead, the ions enter the crystal and, after some deviation due
to random scattering, they reach directions in which they are
channeled. Holenak et al. [23] showed the blocking pattern of
50 keV helium through a 200 nm single-crystalline silicon foil
at a pseudo-random orientation. In their report, some high-in-
tensity spots were present at angles higher than twice the chan-
neling critical angle.

Thallium chloride

A transmission electron microscopy (TEM) grid coated with
evaporated thallium chloride (available on https://scienceser-
vices.de/ with product code: Sku:E80045) was also analyzed
using STIM. This sample has several small crystallites
randomly oriented and it is used as a diffraction standard for
TEM. Here, we perform a analysis similar to that carried out

with the polycrystalline sample.

Beilstein J. Nanotechnol. 2020, 11, 1854—1864.

The SE image presented in Figure 5a and the BF STIM image
(Figure 5b) show crystallites with different sizes. Additionally,
the BF image (Figure 5b) gives information on the size of the
crystallite along the beam axis according to their intensity level.
The DF images Figure 5c and Figure 5d were obtained using
the same polar angle, but with opposite azimuthal directions.

A comparison between the size of the structures in the SE
image (Figure 5a) and the BF image (Figure 5b) shows larger
structures in the SE image. Considering that a thin film of a
light material would show in the SE signal but would not
increase significantly the scattering and, hence, would not
appear in the BF STIM mode, we assume that there is a film of
approximately 10 nm over the crystallites. As expected, most of
the smaller crystallites that show as dark in BF are bright in DF.
Some larger crystallites are dark both in bright-field and dark-
field images because of their larger thickness, which causes the
beam to be scattered to angles higher than the maximum angle
covered by the detector. A fraction of the ions might be stopped
since the thickness of some crystallites is comparable to the
projected ion range of helium under the experimental condi-
tions (estimated as 170 nm using SRIM [41]). There are, how-

Figure 5: Thallium chloride evaporated on a TEM grid. (a) Secondary electron image. Inset of (a) shows the regions of the detector used to generate
the following STIM images. (b) BF STIM image with acceptance angle of 0 to 4°. (c) DF STIM using the signal from the region on the right. (d) DF

STIM using the signal from the region on the left. The scale bars are 100 nm.
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ever, crystallites marked by arrows that show different intensity
levels for different azimuthal directions. Crystallites 1 and 3
appear brighter in Figure 5c than in Figure 5d, while crystal-
lites 2 and 4 behave in the opposite way. This difference would
not occur in amorphous samples and can be explained with
preferential scattering along low-index directions. Since the
crystallites are randomly oriented, the axis in which the trans-
mission of ions is enhanced points in different directions

creating this variation of contrast for different azimuthal angles.

Single-crystalline silicon

In Figure 6a—e, we show STIM using different sections of the
detector and the image of the transmission signal (Figure 6).
The sample was a 35 nm thick, (100)-oriented silicon mem-
brane window (available on http://TEMwindows.com, product
code: US100-C35Q33). From Figure 6a, one can see that the
membrane has wrinkles, which create different angles of inci-

dence between the sample and the incoming beam. The images
shown in Figure 6b—e are DF STIM images created using the

same polar angles but different azimuthal angles. One can

Beilstein J. Nanotechnol. 2020, 11, 1854—-1864.

notice that the same areas of the sample show different contrast
at different DF directions. This means that different areas of the
sample scatter the beam in different preferential directions,
depending on the local inclination of the film. Since the mem-
brane is oriented in the (100) direction, we assume that chan-
neling will predominantly occur along the same direction. The
critical angle for 30 keV helium ions along this direction is
1.16°, calculated using an adaptation of [40]. Therefore, areas
that are bright in dark-field images (Figure 6b—e) can be inter-
preted as areas in which this channeling direction points
towards the corresponding dark-field region on the detector due
to the local inclination of the film. If, for the given experiment,
we assume that channeling will occur along the (100) direction
close by, we can obtain the local tilt angle from the measured
polar angles. The images presented in Figure 6 highlight the
areas with a local tilt angle of 3.8°.

Conclusion
In this work, we presented the development of a detection

system for STIM that adds new functionalities to instruments

Figure 6: STIM images of a single-crystalline silicon (100) membrane in (a) bright-field with 6 < 1.09°, and in dark-field centered at the polar scat-
tering angle 6 = 3.8°, with azimuthal angle center ¢ = 0° in (b),  =90° in (c), = 180° in (d), and ¢ = 270° in (e). (f) Overall distribution of all counts
on the detector. The areas on the detector for the corresponding STIM image are marked in red. The scale bars are 50 ym for (a—e). In (f), the dis-
tance from the center of the image to edge corresponds to a 5.58° deflection in the polar angle.
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based on the GFIS ion column, such as the helium ion
microscope or other light ion beam methods with high lateral
resolution. The system is based on the combination of MCPs
and a delay line detector mounted on a movable support so
that the experiment geometry can be optimized. The used
imaging detector is capable of a random count rate of up
to 5 Mcps and has a spatial resolution of approximately 50 ym.
This detector has not shown performance degradation due to
energetic particle damage even when exposed to the primary
beam directly. Advantages of this detector over earlier ap-
proaches are its flexibility and numerous supported imaging
modes. These include bright-field, annular dark-field, and dark-
field for channeling applications. In the future the detector will
also provide time-of-flight support for these modes with
a temporal resolution of 200 ps (or 29 eV energy for our
current setup using SE detection for the start signal). In addi-
tion, the concept provides the possibility for post-processing
the recorded data into BF and DF according to the operator’s
needs.

Using this detection system, we show applications of STIM for
amorphous, polycrystalline, and single-crystalline materials. For
amorphous samples, we show the contrast change for low and
high scattering angles using BF and ADF detection. We also
demonstrate the qualitative match of the contrast in bright-field
mode with predictions from binary collision approximation
calculations using a test sample. In the case of polycrystalline
silicon, we can see channeling-related contrast in DF. Employ-
ing DF and post-processing, we see a contrast dependence on
the orientation of thallium chloride nanocrystals. Finally, beam
steering effects were shown to occur for a single-crystalline

silicon sample.
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Abstract

Scanning helium-ion microscopy (HIM) is an imaging technique with sub-nanometre resolution and is a powerful tool to resolve
some of the tiniest structures in biology. In many aspects, the HIM resembles a field-emission scanning electron microscope (FE-
SEM), but the use of helium ions rather than electrons provides several advantages, including higher surface sensitivity, larger
depth of field, and a straightforward charge-compensating electron flood gun, which enables imaging of non-conductive samples,
rendering HIM a promising high-resolution imaging technique for biological samples. Starting with studies focused on medical
research, the last decade has seen some particularly spectacular high-resolution images in studies focused on plants, microbiology,
virology, and geomicrobiology. However, HIM is not just an imaging technique. The ability to use the instrument for milling bio-
logical objects as small as viruses offers unique opportunities which are not possible with more conventional focused ion beams,
such as gallium. Several pioneering technical developments, such as methods to couple secondary ion mass spectrometry (SIMS) or
ionoluminescence with the HIM, also offer the possibility for new and exciting research on biological materials. In this review, we
present a comprehensive overview of almost all currently published literature which has demonstrated the application of HIM for
imaging of biological specimens. We also discuss some technical features of this unique type of instrument and highlight some of
the new advances which will likely become more widely used in the years to come.

Review

Introduction

Since its commercialisation in 2006 [1-5], the helium-ion high-resolution imaging of insulating samples with nanoscale
microscope (HIM) has become a well-established tool for nano-  milling capabilities in one instrument. The milling efficiency
scale imaging and nanoscale fabrication in physics and materi- can also be increased by the use of heavier ion species, such as

als science. It is attractive for those applications as it combines ~ Ne or Ga, where Ne is available for the standard He column,
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whereas Ga requires an additional column. In contrast to its
success in materials science, HIM is much less frequently used
for imaging biological specimens. To date, 13 years after the
first HIMs were commissioned, only about 70 papers (we are
aware of 72) have been published which include HIM bio-
imaging data for medical, geomicrobiological, or life sciences.
Figure 1 provides an overview of some key applications of HIM
in bio-imaging together with an indication for the growth in the
volume of literature which has been published in related fields.
This steady growth of publications gives an indication for the
increasing demand for HIM in biological applications and the
opportunity for further developments. On the one hand, it is as
flexible and straightforward to use as a scanning electron micro-
scope (SEM) but with a five times larger depth of field [1] and a
lateral resolution of about 0.5 nm [4] (demonstrated record:
0.24 nm [5]), which is between high-end field-emission SEMs
(FE-SEM) and transmission electron microscopes (TEM). On
the other hand, HIM is less demanding in terms of sample prep-
aration compared to both SEM and TEM. In particular, the
advantage of HIM is that opaque and non-conductive speci-
mens, which possess a relatively strong topography, can be
imaged. This is possible owing to the combination of a large
depth of focus and the possibility of charge compensation [6],
by pointing an electron beam emitted from a flood gun, onto the
area of analysis.

The first HIM micrographs of biological specimens were
published between 2007 and 2010 [2,5,7], but did not immedi-
ately trigger a wave of follow-up studies. At that time, most of

Beilstein J. Nanotechnol. 2021, 12, 1-23.

the typical applications for SEMs did not demand a “better”
SEM. If they did, the issues appeared to be solvable by the
emerging technique of ultralow-voltage SEM [8]. Furthermore,
HIM was not yet ready, and, in fact, is still not ready, for
studying the finest details of the ultrastructure of cells or to
resolve protein structures, which is state of the art in modern
transmission electron microscopy. Another obstacle which had
to be overcome was the absence of in situ chemical nanoscale
analytical tools for the HIM, which were unavailable due to a
lack of X-rays created under a 30 kV He* beam due to conser-
vation of momentum. This is in stark contrast to SEM in which
X-ray detection methods, such as energy dispersive X-ray spec-
toscopy (EDX), are more or less available as standard.

The turning point for bio-imaging with HIM in the field of
medicine came in 2011 when Bazou et al. used the HIM to
study tumor cells [9,10] and Arey et al. studied the interaction
of nanoparticles with alveolar epithelial cells [11]. In the
following two years, reports on HIM imaging of the nanostruc-
tures on butterfly scales by Boden et al. [12], fruit flies by
Boseman et al. [13], and pine leaves by Kim [14] marked the
entrance of HIM into general biology. Soon afterwards, two
more milestones were reached. Firstly, Rice et al. [15] success-
fully imaged 15 nm gold labels on cell-surface proteins in rat
kidneys, which demonstrated that HIM is compatible with the
powerful technique of immunogold labelling. Secondly, Joens
et al. introduced the ion-beam milling capabilities of the HIM to
biological applications when they opened up the mouth cavity
of a nematode [6]. In the same paper, Joens et al. furthermore
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demonstrated on mitotic HeLa cells that HIM is ready for ultra-
structure research in cell biology. Research on the ultrastruc-
ture of cells with the HIM was subsequently continued by
Schiirmann et al., who presented HIM micrographs of cell-

membrane nanodomains in mammalian cells [16].

HIM entered the field of virology in 2017 when Leppinen et al.
used the technique to image T4 bacteriophages infecting
Escherichia coli bacteria for the first time [17]. Images of a
phage-infected bacterium in a sample from the environment was
then presented by Sharma et al. in the following year [18]. The
possibility to image the attachment of bacterial parasites to the
outer membranes of bacteria at high resolution in, at least com-
pared to TEM, a relatively natural state makes HIM a very pow-
erful tool for the investigation of living antibiotics. The work on
the life cycle of the bacterial predator Bdellovibrio bacteri-
ovorus by Said et al. [19] and a study on the pH-responsive en-
capsulation of bacteriophages for phage therapy by Vinner et al.
[20] are first examples.

Since the early days of HIM, attempts have been made to add
nanoscale analytics to the HIM. Already in 2007, Notte et al.
stated in their article “An Introduction to the Helium Ion Micro-
scope” [3]: “We have observed that there is photon production
from certain materials as the helium beam enters the sample. As
with the standard cathodoluminescense effect, we expect that
these photons may reveal information about the materials.”
With regard to the potential of using the HIM for secondary ion
mass spectroscopy (SIMS) they wrote: “[If] a heavier gas in ad-
dition to or in place of helium [would be used] the resulting
beam [c]ould then be used to generate enough secondary ions to
permit SIMS analysis.” Both ideas were quickly proven to be
correct in the following years. Ionoluminescense in the HIM
(IL-HIM) was used by Veligura et al. to investigate NaCl and
semiconductor materials [21-23]. Franklin first investigated the
suitability of IL-HIM for studying biological specimens tagged
with fluorescent markers [24]. Another application in bio-
imaging was published in 2018 by Sato et al., who used the
ionoluminescense generated by the He ion beam to detect ZnO
nanoparticles which were incubated with COS7 cells [25].
Today HIM-SIMS is possible via two different approaches. The
first, a sector-field mass-spectrometer SIMS, was developed by
Dowsett, Wirtz, et al. [26-29], and commercialised by Carl
Zeiss Microscopy [30]. The second approach, developed by
Klingner, Hlawacek et al., integrated a spectrometer for
Rutherford backscattering analysis with time-of-flight (ToF)
SIMS for the HIM [31-35]. The first biological application of
HIM-SIMS was published by Lovric et al., who investigated
E.coli bacteria exposed to TiO, nanoparticles using the sector-
field SIMS spectrometer [36]. In this review article, we build

upon previous articles by Kim [37] and Go6lzhduser and
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Hlawacek [38] to present an overview on past discoveries and
recent developments reported for bio-imaging using HIM for bi-
ological, medical, plant, animal, microbiology, virology, and
geomicrobiology studies. We briefly discuss the imaging, detec-
tion, and analytical technologies which make the HIM so pow-
erful and explain why these technologies have been so benefi-
cial to biological applications. We have highlighted, to the best
of our knowledge, most publications which include HIM bio-
imaging and have separated these articles into specific cate-
gories to provide the reader with a quick and concise overview
of their particular field, or fields, of interest. We also briefly
touch upon some of the most commonly applied preparation
methods which are applicable to both electron and ion micros-
copy. Overall, this review has been written to inspire new and
exciting studies using this powerful imaging technique based on
helium ions. We expect that the next decade will see some
remarkable discoveries, especially as the combination of high-
resolution imaging with nanoscale analytics becomes more
widespread.

Resolution and contrast mechanisms

in the HIM

The key to high-resolution imaging with a scanning micro-
scope is a high-brilliance source of small size. In the HIM this
is realised by the atomic level (or gas field) ion source, which,
in essence, is a single tungsten atom at which the gas atoms are
ionised [1,39]. The column optics projects an image of that
atom onto the sample, which commonly is referred to as “beam
spot”. The achievable lateral resolution in the HIM is naturally
determined by the size of the beam spot, which has a minimum
threshold of 0.25 nm [1]. In reality, achieving such a small spot
size is extremely challenging and is affected by the ion landing
energy as well as instrument parameters, such as the choice of
aperture and source de-magnification, which both affect the
quality of focus and beam shape [40]. However, the lateral and
depth resolution of the measurement also depends on the type of
detector which is used for the analysis. This can be understood
from the interactions of the impinging ions with matter in the
sample (Figure 2). Ion collisions with a nucleus in the sample
result in (back-)scattering of the primary ion, displacement of
atoms in the sample, sputtering of material and generation of
phonons (heat). However, incoming ions also undergo many
interactions with electrons in the sample, leading to the genera-

tion of secondary electrons, photons, and heat.

With the exception of heat generation, every possible ion—solid
interaction can, in principle, be used for imaging or nanoscale
analysis in the HIM given a suitable detector. We provide a
brief overview of the main detectors which are applicable for
HIM, though most of them are not commonly available at the

moment.
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Figure 2: When the ion beam of the HIM interacts with the sample, primary ions and secondary particles escape the sample and can be detected.
The figure schematically depicts particles which are, in principle, detectable in the scanning HIM and, in the case of a sufficiently thin sample, in the

transmission HIM.

Secondary electron imaging

The high secondary electron yield in a HIM, which is signifi-
cantly higher than that for low-energy electrons in an SEM [41],
makes the detection of secondary electrons favourable for
imaging. To date, the majority of HIM studies have employed
secondary electron imaging using an Everhart-Thornley (ET)-
type electron detector [5,42,43]. This is mainly because the ET
detector is the standard detector for the HIM, but also because
secondary electron imaging provides the highest resolution cur-
rently available with a demonstrated lateral resolution of
0.24 nm [5].

Such a high resolution is possible because of the relatively
small amount of energy which is transferred from the helium
ion to the secondary electron. Employing the formula for a
central elastic collision, a 25 keV helium ion transfers as little
as 13.7 eV to the secondary electron. In SEM, the acceleration
voltage of the electron beam needs to be lowered to yield low-
energy secondary electrons. This increases surface sensitivity
since only secondary electrons produced directly under the sur-
face will be able to overcome the work function of the sample
and reach the detector. In HIM, the emitted secondary electrons
already have low energy, which results in a strong edge and to-
pography contrast. Furthermore, the low energies of the second-
ary electrons in a HIM produce excellent contrast due to
changes in the work functions of the materials. An interesting
contrast mechanism occurs when HIM is used to study insu-

lating or poorly conducting materials such as most biological

specimens. Here, differences in local conductivity result in the
accumulation of positive charges under the ion beam, which
hampers the emission of secondary electrons and results in a

blackening of the charged areas in the micrograph.

Charge compensation

One of the most frequently cited advantages of using HIM com-
pared to SEM for bio-imaging is the possibility to image typi-
cally non-conductive biological specimens without the prior
coating with a thin layer of metal to make their surfaces
conductive. This is possible due to the development of the
charge-compensating electron flood gun, which is one of the
flagship features of HIMs [5,43]. The technique is straightfor-
ward to use: After having scanned one line, the ion beam is
blanked and electrons from the flood gun are directed into the
field of view. Then, a new line is scanned followed by another
electron flooding. This is particularly useful for biological
specimens, which are typically insulators or poor conductors, as
it enables imaging at high resolution without depositing a thin
conductive layer (e.g., Au, Pt, or C) onto the surface in order to
avoid charging. Charge compensation can even be considered to
be necessary for conductive metals, because the high surface
sensitivity of the HIM would only reveal the metal layer and not
the fine detail of the surface ultrastructure without the use of the
flood gun. From a practical perspective, charge compensation
can be challenging as the total amount of charges required for
compensation depends linearly on the number of charges

implanted per line scanned. In other words, the settings of the



flood gun have to be adjusted whenever the number of pixels
per line, dwell time, or beam current are changed. Figure 3
illustrates how the variation of the dwell time of the ion beam
on a pixel influences the brightness of the image if the flooding
parameters are kept constant. Similar results can be obtained
when the flood time is varied at a constant dwell time.

Secondary ion mass spectrometry (SIMS)

A major disadvantage of using standard HIM rather than SEM
is the lack of analytical detectors for elemental quantification,
such as EDX. This is because 30 keV helium ions cannot
transfer enough energy to the bound inner-shell electrons of the
sample to excite them out of the core states and to enable fluo-
rescent X-ray de-excitation (this would require energies of
several kiloelectronvolts). However, recent analytical develop-
ments of the HIM have focused on the detection of secondary
ions which are sputtered when the primary ion beam of the HIM
is scanned across the sample material. The ionised fraction of
this material can be extracted by electrostatic extractor optics

, smaller ion dose
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and passed through a mass spectrometer in order to obtain
chemical and isotopic information about the sample. At present,
there are two different types of HIM-SIMS available. On the
one hand, there is a sector-field SIMS developed by Dowsett,
Wirtz et al. [26-30], in which up to four ions can be analysed
simultaneously. On the other hand, there is a time-of-flight
spectrometer developed by Klingner, Hlawacek et al.
[31,33,35]. Both spectrometers have a mass resolution of about
400. So far, HIM-SIMS remains in the development stage with
few commercial systems available. However, they are potential
game changers for the investigation of biological samples at
high spatial resolution in combination with chemical characteri-
sation. A first biological application was presented by Lovric et
al. when they investigated E.coli which were exposed to TiO,
nanoparticles with the sector-field spectrometer [36]. The
authors report on secondary ion maps of CN™ from the biomass
as well as of Ti* from the nanoparticles. So far, the mass resolu-
tion achieved does not allow for using HIM-SIMS to charac-
terise isotopically labelled samples, which requires a ten to

higher ion dose
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Figure 3: Charge compensation in the HIM using the flood gun. An uncoated maize root was imaged with different dwell times, t4 = {0.1,0.5,20} s,
while flood time, t; = 10 ps, image size, 2048 x 2048 pixels, and brightness/contrast settings of the Everhart—Thornley detector were kept constant.
The histograms clearly show a shift towards lower pixel intensities with increasing dwell time. No flooding at all (not shown here) resulted in a black
image. The field of view is 20 pm. Unpublished data, sample provided by Yalda Davoudpour.



twenty times higher resolution. To illustrate this, consider a
13C-labelled sample. In order to distinguish, for instance, the
ion '2CH" of mass 13.007 u from '3C* of mass 13.003 u a mass
resolution of more than about 4000 is needed. If in future HIM-
SIMS systems the mass resolutions were improved by about
one order of magnitude, HIM-SIMS could enable the localisa-
tion of specific bacteria which have metabolised labelled sub-
strates within a microbial community. This type of application
is already possible using NanoSIMS instruments. However,
such instruments lack the spatial resolving power of the HIM
[44]. An interesting and well-characterised geomicrobiological
test system for HIM-SIMS spectrometers would be magneto-
somes synthesised by magnetotactic bacteria, which are Fe304
nanocrystals of about 50 nm length [45]. HIM-SIMS also
appears to be a promising tool to study intracellular deposits of
certain chemical elements. An example are phosphate granules
in algal biofilms, which were previously investigated using
multiple microscopes in a correlative study [46]. Another,
certainly more challenging, example would be the identifica-
tion of iron—sulfur clusters in microbes [47] or mitochondria
[48] by HIM-SIMS. Nevertheless, the current mass resolution
of the spectrometers allows for several interesting applications
in biology, which comprise biomineralisation, microbial corro-

sion, and interactions between nanoparticles and cells or tissues.

Alternative detectors

Rutherford back-scattering (RBS) of high-energy (typically in
the range of 1 to 5 MeV) ions is a well-known (micro)analyti-
cal technique for the investigation of the elemental composition
of a sample. Recently, Klingner, Heller, and Hlawacek demon-
strated a time-of-flight RBS spectrometer for the HIM
[32,34,49]. We are not aware of any currently published biolog-
ical application of RBS in the HIM. However, from scattering
kinetics it follows that RBS is most sensitive to heavy elements
in a light matrix. For bio-imaging this implies that RBS could
be a promising technique to study systems containing organic
and inorganic matter, for example, the interactions of nanoparti-
cles and cells, immunogold-labelled cells or tissues, and
biomineralisation processes, such as the formation of bones or

tooth enamel.

In SEM, cathodoluminescence refers to the emission of photons
of characteristic wavelengths from a material under electron
bombardment. Ionoluminescence (IL) describes the equivalent
phenomenon in HIM when free electrons in the sample are
excited by the bombardment of the sample by helium ions and
emit photons in the range from near-IR to near-UV [3,21-23].
IL spectra as well as the temporal decay of IL after excitation
contain information about the emitting material. IL emitted
under megaelectronvolt proton or alpha-particle irradiation has

proven to be a powerful tool for the investigation of medical
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and biological samples [50]. In the context of bio-imaging with
the HIM, IL-HIM holds promise to detect fluorescent biomark-
ers with better resolution than that achievable even with the
most advanced super-resolution optical microscopy techniques,
for instance, stimulated emission depletion microscopy [51]. In
particular, it may allow for correlating fluorescence microsco-
py with HIM. Few bio-imaging studies have focused on the
detection of IL. To the best of our knowledge, the only work on
IL-HIM bio-imaging was done by Franklin and is published in
his Ph.D. thesis [24]. He investigated the IL of fluorescent dyes
and applied this to study an Alexa Fluor 488-tagged mouse
incisor. However, he found that “the area of interest was
becoming increasingly bleached under the beam. It was discov-
ered that only one [IL-HIM] image was achievable before
bleaching the sample at a 20 um field of view.” In order to
overcome the ionobleaching of biomarkers, Franklin also tested
nanoscale diamonds doped with the fluorescent nitrogen-
vacancy defect as well as rare earth metal-based nanoparticles
regarding bleaching under the ion beam. Although they are
believed to be photostable under electron irradiation, the IL of
the nanoscale diamonds decreased significantly under the ion
beam even at doses lower than 10!* ions-cm™2. However,
lanthanide-doped nanoparticles proved to be relatively stable
against the ion irradiation and seem to be promising materials
for biomarkers to be used with the HIM. Later, Mi developed a
particle-accelerator-based setup with high-energy protons and
alpha particles to excite IL in biological specimens [52]. In this
Ph.D. thesis, Alexa Fluor 514-labelled HeLa cells were imaged
with 2 MeV protons. Furthermore, optimisation protocols for
the design of luminescent lanthanide-doped nanoparticles with a
quantum yield of up to 0.673 were presented. In the aforemen-
tioned work by Sato et al., HIM imaging was used to study
COS7 kidney fibroblast cells [25]. In one of the experiments de-
scribed in the paper, the cells were incubated with ZnO nano-
particles whose fluorescense was detected by IL-HIM. In
general, it can be concluded that IL-HIM is particularly promis-
ing for biological applications if ionobleaching of fluorescent
bio-markers can be overcome. The few studies available so far
suggest to develop bio-markers on the basis of rare earth metal-

doped nanoparticles.

The portfolio of possible contrast mechanisms in HIM is not
complete without the detection of transmitted ions. Whilst
accelerator-based transmission ion-microscopy using protons or
alpha particles has been used to investigate biological speci-
mens since the 1980s [53], none of the few (scanning) transmis-
sion helium-ion microscopy (THIM) studies using 10 to 40 kV
helium ions have imaged biological specimens [5,54-56]. It can
be speculated that this is mainly due to a lack of a detector for
transmitted ions in the latest-generation HIM (Zeiss Orion
NanoFab) [43], although it was a standard detector in the first-



generation HIM (Zeiss Orion Plus) [5]. However, THIM is
desirable as it would extend the range of applications to thin
sections, similar to the transmission option in SEMs. In combi-
nation with the well-established heavy-metal staining tech-
niques used in transmission electron microscopy (TEM), this
would allow for ultrastructural research comparable to standard
TEM. SRIM [57] simulations show that up to 400 nm thick
sections of epoxy resins could be penetrated by 30 kV helium
ions (unpublished work by M. Schmidt). Even more important-
ly, THIM is highly complementary to secondary electron
imaging in the HIM. It provides insight into an object whereas
the latter only images its surface. If a segmented detector with a
central segment and ring segments was used, it would be even
possible to distinguish between absorption contrast (bright-field
imaging) and scatter-contrast (dark-field imaging). Compared to
other imaging modes in the HIM, it can be anticipated that
THIM will be the best choice for imaging cell organelles, bacte-
rial nanoparticles, or bacteriophages inside infected bacterial
cells.

This section would be incomplete without mentioning two inter-
esting new developments. Firstly, Mouseley et al. have de-
veloped a full-field THIM, which is not based on a Zeiss Orion
instrument, and which holds promise to conduct exciting THIM
experiments also on biological samples [58]. Secondly, within
the npSCOPE H2020 project an “instrument [is being de-
veloped] that couples the extraordinarily high resolution of the
[...] helium-ion microscope with sensors for composition (a
mass spectrometer) and 3D visualization (transmitted ion
detector) in order to more fully characterise individual nanopar-
ticles and their interaction with their environment (tissue, cells,
etc.) [...]”7 [99].

Sample preparation

Sample preparation is critical to the success of imaging any bio-
logical material at high resolution using electron and ion
microscopy techniques. Depending on the sample under investi-
gation, biological samples prepared for HIM might include
structures such as bacterial cells, biofilms, exopolymeric
substances (EPS), or minerals. The high vacuum applied in
HIM means that any liquid remaining in a sample is subject to
surface tension, which can lead to damage of the specimen
during imaging. To overcome this issue, researchers typically
focus on removing any liquid water from a sample whilst, at the
same time, maintaining the cellular integrity. This is usually
achieved by chemical fixation, followed by dehydration and
then drying. For non-conductive samples, as is typical of bio-
logical materials, established protocols for SEM also involve
methods to overcome charging effects, which are, however, not
absolutely necessary for HIM owing to the charge compensa-

tion.
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Fixation

Fixation is often applied as the first step during sample prepara-
tion to prevent or limit alterations to biological materials during
sample drying. Chemical fixatives such as glutaraldehyde,
formaldehyde, or a combination of the two (Karnovsky’s solu-
tion) cross-link proteins and lipids to physically stabilise sam-
ples [60]. Glutaraldehyde (2-2.5%) fixation is usually per-
formed at cold temperature (4 °C) to avoid the formation of arti-
facts and is well suited for samples containing a high density of
cells, such as biofilms. The length of the fixation time should be
varied depending on the sample. Before fixation, specimens are
also sometimes treated with additional chemicals, such as 1%
tannic acid (TA), and/or osmium-fixed to promote membrane
integrity [61]. After fixation, water is removed from samples
via dehydration in ethanol or methanol with increasing concen-
trations, for example, 30%, 75%, 95%, and 100% for 10 min
each [60,62]. Samples can be stored in about 70% ethanol prior
to drying.

Drying

The next stage in sample preparation of biological samples
focuses on drying to avoid damages to fragile cell surfaces,
internal structures, EPS, biofilms, or mineral associations. In the
following, a brief overview over different routinely applied
drying methods is given. (I) Freeze drying: Samples are frozen
(e.g., using a plunge or high-pressure freezer) and then dried
under vacuum. Uryu et al. suggested a pathway which includes
plunge freezing for instantaneous immobilization followed by
freeze drying in a cold nitrogen gas and finally critical point
drying [63]. This method (termed FDGN3) resulted in unprece-
dented structural detail during imaging with SEM but yielded
various artifacts during imaging with HIM [64]. (II) Critical
point drying (CPD): The basic principle of CPD is to substitute
ethanol in the dehydration preparation stage with a supercritical
fluid, such as carbon dioxide (CO;,). The temperature and pres-
sure around the sample are raised to the critical point, 31 °C and
7.4 MPa (1073 psi), at which point CO, becomes supercritical.
The pressure is then lowered at constant temperature returning
the CO; to a gaseous state. Through this process the sample is
dried without ever crossing the liquid—gaseous boundary and,
thus, avoiding surface tension, which is so damaging to the
sample. The operating procedures for CPD vary depending on
the sample or instrument, with some being automated and
others manually operated. Rice et al. used methanol during the
dehydration stage, purged the samples with cold liquid CO,,
and raised temperature and pressure to, respectively, 42 °C and
1200 psi for equilibration for more than 4 min [15]. The pres-
sure was then reduced (<100 psi/min) at constant temperature
(32 °C) until the samples were dried. The samples were stored
under desiccant at room temperature, and the authors noted no

obvious changes to the samples after one week of storage. This



protocol was repeated by Paunescu et al. to preserve the mor-
phology of rat and mouse epididymal tissue [65]. (III) Hexa-
methyldisilazane (HMDS): Low-tension media, such as HMDS,
can be added after the final stage of ethanol dehydration. This
method is most often used as an alternative to CPD due to the
ease and rapidity of application. However, its carcinogenic
properties mean that careful handling is necessary. Several
studies have applied HMDS treatment for HIM [17,60,64,66].
(IV) Air drying: During air drying, the liquid—gaseous bound-
ary is crossed, leading to strong surface tension, which acts on
the sample and causes damage to the structure, leading to
agglomeration and collapse. Consequently, air drying should
only be used as a last resort [60]. (V) Resin embedding: Sam-
ples can be embedded within a resin, such as epoxy, which
infiltrates biological material and is later polymerised without
affecting the cellular structure. For example, Bidlack et al. in-
vestigated tooth enamel, which contains both mineral and
organic phases, in a three-dimensional configuration [67]. They
found the best preparation method was to first fix the sample
chemically and then perform a gradual ethanol substitution with
LR White acrylic resin. Samples were then polymerized at
60 °C for 24 h and allowed to cool. The blocks were then
polished at room temperature to expose the area of interest
within the tooth enamel.

As biological samples are electrical insulators, charging effects
typically affect the imaging quality in conventional SEM.

Beilstein J. Nanotechnol. 2021, 12, 1-23.

Various approaches are used to remove the charge, including
coating with electrically conductive materials, such as carbon,
platinum, or gold. Coating the samples can, however, result in
minute changes to surface features which are only visible at
very high resolution. One of the main advantages of HIM is the
ability to neutralise charge by implementation of an electron
flood gun. This flood gun eliminates the need for coating bio-
logical samples with conductive materials to obtain high-resolu-
tion information. In fact, this is often cited as one of the main
benefits of using HIM and has been reported in a number of
publications focusing on biological samples [11,62,65].

lonic liquid preparation

An alternative approach to the fixation, dehydration, drying,
and even coating stages outlined above is to apply ionic liquids
during sample preparation. Ionic liquids are organic salts with
low melting points which are fluid at room temperature. They
are persistent as liquids under the high-vacuum conditions of a
typical electron microscope and exhibit conductive properties.
This means that samples can be immersed in an ionic liquid, for
10-600 s, blotted, loaded onto a sample holder, and then
imaged [68]. Compared to other preparation techniques, the
preparation time using ionic liquids is extremely short and the
morphology is reasonably well maintained. However, the sur-
face is less well preserved. Figure 4 shows a Pseudomonas
putida biofilm imaged using HIM [69]. One image shows the
biofilm prepared using ethanol dehydration followed by HMDS

Figure 4: HIM of two Pseudomonas putida biofilms grown on polyvinylchloride coverslips in parallel under exactly the same conditions. Both films

were chemically fixed with 2% glutaraldehyde for 2 h at room temperature. Subsequently (A) was dehydrated in a graded ethanol series and dried

with hexamethyldisilazane. In contrast, (B) was not dried but the water was substituted with the ionic liquid 1-butyl-3-methylimidazolium tetrafluoro-
borate according to the protocol published by Golding et al. [69]. Unpublished data, sample provided by Nedal Said.



drying (Figure 4A). The other image shows the biofilm pre-
pared with an ionic liquid (Figure 4B). Though the HMDS-pre-
pared sample clearly shows a high density of individual
bacteria, the ionic liquid treatment appears to have maintained
the EPS and is perhaps a better representation of the true
biofilm. Nevertheless, this study suggests that multiple prepara-
tion treatments should be applied to best image a sample.

HIM in medical research

Besides the example micrograph of a white blood cell published
by Ward et al. in 2007 [2], the usage of HIM for medical studies
did not begin until around 2011 when Arey et al. reported on
the interaction of alveolar epithelial cells with silica nanoparti-
cles with HIM at the Microscopy and Microanalytics Confer-
ence 2011 [11]. In their abstract, they suggested that Ruther-
ford back-scattering imaging in the HIM enables the distinction
of nanoparticles from cell surface structures at nanometre reso-
lution. In a different study published in the same year, Bazou et
al. employed HIM to image human colon cancer cells (Caco2)
[9]. The glutaraldehyde-fixed and freeze-dried cells were
imaged by both HIM and SEM to enable the direct comparison
between the two instruments. HIM analysis of gold-coated and
uncoated samples showed that coating, as required for SEM,
introduces artefacts such as a granular structure on the cell sur-
faces and a partial closing of pores, thus highlighting one of the
benefits of HIM. Bazou et al. also studied tumour cell-induced
platelet aggregation by fluorescence microscopy and HIM. In
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this study, HIM provided high-resolution insight into the com-
plex network of interactions of platelets with cancer cells [10].

In 2012, Berg-Foels et al. used transmission electron microsco-
py. SEM, and HIM to image rabbit cartilage samples [70]. The
long depth of field provided by HIM renders the technique par-
ticularly powerful for imaging the three-dimensional articular
cartilage collagen networks at a resolution of down to 0.81 nm
(Figure 5).

Another application benefiting from the large depth of field and
the possibility to work without coating the sample with metal is
the use of HIM for the investigation of the development of
mammalian tooth enamel [67,71]. Tooth enamel consists of
hydroxyapatite crystals, which form needle-shaped nanocrys-
tals of several micrometres length with a diameter below
100 nm. HIM revealed insight into the complex interactions be-
tween the enamel-forming cells, matrix proteins, and the miner-
al phase [71]. Bidlack et al. visualised the amelogenin proteins
involved in tooth enamel development in a study combining
SEM and HIM for three-dimensional imaging [67].

In 2013, Rice et al. presented the, to the best of our knowledge,
first images of immunogold labels detected by HIM [15]. For
this study, the authors used the proximal tubule marker gp330/
megalin and wheat germ agglutinin to label surface glyco-
proteins of the proximal tubule in mouse kidneys. Conjugation

Figure 5: Rabbit cartilage collagen imaged by HIM. High resolution and depth of field reveal nanoscopic network features such as nanofibrils and their
connections (asterisks). Dwell time and resolution are, respectively, 2 ps, 0.90 nm (left) and 0.5 ps, 0.81 nm (right). Reproduced from [70]. Copyright
©2012 The Authors Journal of Microscopy; ©2012 Royal Microscopical Society. Used with permission from Vanden Berg-Foels et al., Helium ion
microscopy for high-resolution visualization of the articular cartilage collagen network, Journal of Microscopy, John Wiley and Sons.



to 26 nm colloidal gold allowed the authors to visualise the
label with the HIM (Figure 6). Soon afterwards, a number of
publications on HIM imaging of kidneys were published.
Paunescu et al. focused on the microstructures of the kidney
glomerulus as well as on the brush border microvilli of the
proximal convoluted tubules [72]. On the latter they found
“micropits on the microvillar surface as well as thin filaments
joining adjacent microvilli” at high magnification. Tsuji et al.
investigated the alteration of endothelium and podocytes during
progressing glumerulopathy in Col4a3 (Alport syndrome) mice
[73]. HIM was used to visualise the podocyte and endothelial
interface, which, in contrast to previously published transmis-
sion electron micrographs of sections, provided pseudo-3D
data. The authors pointed out that using conventional SEM it
was not possible to determine whether the glomerular basement
membrane defect affects the endothelial structure. However,
they stated “HIM allows the endothelial surface to be directly
and clearly visualised.”

Figure 6: Helium-ion micrograph showing an immunogold-labelled
(arrows) proximal tubule in a mouse kidney. Scale bar is 200 nm.
Reproduced from [15]. Copyright ©2013 Rice et al., distributed under
the terms and conditions of the Creative Commons Attribution License

CC BY 4.0., https://creativecommons.org/licenses/by/4.0/.

Using HIM, Schiirmann et al. impressively showed how closely
ultrastructural details of cell membranes visualised by HIM are
linked to sample preparation [16]. In the study, lipid nanodo-
mains in mammalian cells were investigated. HIM was used to
image osmium tetroxide-fixed, uncoated, and critical-point-
dried human neurons and mouse hippocampal neurons. The
achieved lateral resolution of 1.5 nm allowed for visualising pits

in the ultrastructure of the cell membranes. Based on that
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finding the authors hypothesised “that the pit-like domains are a
direct visualization of the shape of membrane nanodomains, in-
cluding lipid rafts and caveolae.” It was concluded that the pits
result from the sample preparation since “the cell fixation with
OsOy4 cross-links the lipid bilayer outside the nanodomains
while the lipid bilayer inside the nanodomains is removed by
the required subsequent rinsing with ethanol for the cell drying
process.” In turn, the pits in the HIM image reveal “the shape of

the nanodomains as missing lipid bilayers.”

In 2018, HIM was used to study peptide nanostructures for the
first time. Herrera et al. studied the initial stages of the
oligomerisation of the 33-mer peptide gliadin [74]. The HIM
data helped the authors to “show a plausible pathway of 33-mer
peptide protofilaments formation” via the contact of square-like
oligomers and the formation of protofilaments by “longitutinal
association of matured rod-like oligomers.”

Imaging animals and plants

HIM imaging of small animals and plants has been around since
the early years of helium ion microscopy, when pollen samples
[7,8] and pine leaves [14] were imaged. The first in-depth and
notable HIM imaging demonstration of small animals was done
in 2012 by Boden et al. [12], when the intricate micro- and
nanostructures responsible for the structural colouration of the
wings of two different butterfly species, Papilio ulysses (Blue
Mountain Butterfly) and Parides sesostris (Emerald-patched
Cattleheart), were imaged to a level of detail not obtained previ-
ously with SEM. The study took advantage of the strengths of
HIM producing images with a large depth of field and a high
level of surface detail (Figure 7). The work also directly demon-
strated the superiority of HIM at high magnifications over envi-
ronmental SEM, the older technology for high-resolution
microscopy of uncoated insulating samples. In addition, the
large depth of field of the HIM was exploited in an innovative
way by creating stereo pairs of images.

Fairly soon after applying HIM on butterflies, HIM was also
used for ultrastructural analysis of both wild-type and geneti-
cally modified fruit flies, Drosphila melanogaster, by Boseman
et al. [13]. Many different areas were imaged such as the eye,
the wing and body surfaces, the sensory bristles, and the legs,
with observations of nanoscale features. In addition, the pupal

case and some larval tissues were also investigated.

In 2013, Joens et al. [6] published a groundbreaking study
regarding biological HIM imaging of a whole variety of biolog-
ical samples, including plants, bacteria, cancer cells, and a
nematode worm, Pristionchus pacificus. The imaging of that
worm will be discussed later in the section “Nanofabrication”

regarding its innovative use of the combination of milling and
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Figure 7: HIM image of a Papilio ulysses butterfly black ground scale.
Scale bar is 400 nm. Adapted from [12]. Copyright 2011 ©Wiley Peri-
odicals, Inc. Used with permission from Boden et al., Helium ion
microscopy of Lepidoptera scales, Scanning, John Wiley and Sons.

imaging. Plant imaging was done on the model species
Arabidopsis thaliana. The HIM images of the uncoated cuticle
samples showed fine textures and minute ridges not discernible
in the low-voltage field-emission SEM images of the same sam-
ples. Arabidopsis samples were also HIM-imaged by Curtin et
al. [75]. Their study examined how the surface texture of genet-
ically different samples varied after acid treatment to see the
potential for enzymatic biofuel production.

HIM imaging was once again used in studies of insect wings
and their nanostructures by Bandara et al. [76,77]. In this case, a
nanopillar texture on the wing of a dragonfly Orthetrum villoso-
vittatum was studied. In addition to imaging the wing alone,
samples were prepared with E. coli bacteria on them, to study
the bactericidal properties of the nanostructure. Along similar
lines, the nanostructures on the wings of three different species
of Cicada were imaged using HIM in [78].

Microbiology

HIM imaging has already been used to study numerous micro-
organisms including bacteria [6,18,19,60,79,80], bacterio-
phages [17,18,81], yeast [82], protozoa [83-85], and microalgae
[46]. The highly resolved and contrast-rich views of the tiniest
creatures that were obtained in these studies are discussed in the

following.

Virus particles/bacteriophages

Bacteriophages are viruses that use bacteria as hosts, often
causing lysis of the bacterial cell at the stage where new virus
particles are released from the cell. For this reason, they have
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long been considered as possible treatments for bacterial infec-
tions. In particular, because they are host-specific and, there-
fore, do not exhibit some of the side effects of the more broadly
affecting chemical antibiotics, which can lead to evolution of
strains with broad antibiotic resistance.

Microscopy of bacteriophages has a long history, going all the
way back to 1940, as one of the very first imaging applications
of the newly invented electron microscopes (for a review see
[81]). Ever since, TEM has been the mainstay of phage micros-
copy, but the complexities of TEM and SEM sample fabrica-
tion (lamellae preparation and conductive coatings) have
hindered the studies of phage—bacterium interactions in their
natural microbial environments.

HIM imaging of phages and phage—bacterium interactions were
performed for the first time in 2017 in [17] for bacterial
colonies of E. coli on an agar substrate. Different stages of the
phage life cycle were imaged by looking at different regions of
the viral plaques caused by the initial T4 phage infection seeded
at the centre of the plaque. Figure 8 shows some examples of
the detail obtained in this study. In particular, the changes in the
appearance of the phage during active infection (contraction of
the tail and spread-out of the tail fibres) were imaged.

Only a few works followed after this initial demonstration
of the HIM capabilities for bacteriophage studies, although
there is clearly a potential to image many more types of
phage—bacterium systems. One more recent example was in a
study by Sharma et al. [18] in which environmental sediment
samples were imaged using HIM with findings of viruses at-
tached to bacteria.

For bacteriophage imaging, the strength of HIM lies not just in
the resolution, which is higher than that of SEM, but in the pos-
sibility to study the phage—host interaction, with a sufficiently
high resolution to see nanometre-scale details of the phage par-
ticles (Figure 8).

Predatory bacteria

Similar to bacteriophages, predatory bacteria are bacterial para-
sites. In contrast to bacteriophages, predatory bacteria have a
metabolism and undergo cell division for reproduction. Howev-
er, compared to other bacteria, metabolism and reproduction are
very uncommon and require preying on other gram-negative
bacteria [86]. Therefore, following the philosophy of “the
enemy of my enemy is my friend”, bacterial predators are
promising candidates for “living anti-biotics” [87]. While bacte-
riophages are very host-specific, Bdellovibriones can be consid-
ered as broad-spectrum antibiotics, as they can potentially infect
all gram-negative bacteria. Considering the 2017 priority list of
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Figure 8: Helium-ion micrographs of the T4 bacteriophage infecting Escherichia coli. (a) Three bacteria with ongoing infection. (b) A higher-resolution
image of a single T4 bacteriophage attached on the cell surface. The tail is contracted and the tail fibers are spread out, indicating a genome injection
in progress. The icosahedral shape of the head is also apparent. (c) Another individual phage with even more contracted tail. Adapted from [17].
Copyright ©2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Used with permission from Leppanen et al., Imaging bacterial colonies and
phage-bacterium interaction at sub-nanometre resolution using helium-ion microscopy, Advanced Biosystems, John Wiley and Sons.

antibiotic-resistant bacteria published by the World Health
Organisation, the targeted use of Bdellovibrio would be a strong
means to fight the three highest-priority strains, which are all
gram-negative [88].

Said et al. investigated the life cycle of the bacterial predator
Bdellovibrio bacteriovorous HD100 with the HIM [19]. At time
t = 0 they combined cultures of Bdellovibrio and prey, for ex-
ample, Escherichia coli, and stopped the experiment by chemi-
cal fixation at specific points during incubation. This allowed
for the study of the attachment of the predator to its prey, fol-
lowed by penetration of the membrane, and the entering into the
cytoplasm. After that, the prey cell is transformed into a bdel-
loplast, in which the predator elongates and divides. In a final
step, the bdelloplast lyses and the Bdellovibrio offspring is re-
leased and ready to attack another cell. A HIM micrograph of
the attachment of a Bdellovibrio to E. coli is shown in Figure 9.
Again, it is not merely its high resolution but rather surface
sensitivity and charge compensation that make HIM an excel-

lent tool to study interactions of bacterial predators with their
prey.

Eukaryotic parasites
Unicellular parasitic eukaryots have also been imaged using

HIM. In 2015, de Souza and Attias investigated Toxoplasma

gongii, an obligate intracellular parasite which causes the
disease toxoplasmosis [83]. Extracellular Toxoplasma gongii
are found to be “teardrop-shaped” with an apical conoid.
Rhesus monkey kidney cells were infected with Toxoplasma
gongii. After dry-cleaving, parasitophorous vacuole in the cells
were exposed and the intracellular parasite was imaged. The
helium-ion micrographs revealed an intravacular network of

tubules formed by Toxoplasma gongii (Figure 10).

In the same year, Gadelha et al. investigated Giardia intesti-
nalis, a flagelled parasite causing the diarrheal disease giardias,
with ultrahigh-resolution SEM and HIM [84]. Of particular
interest to the authors was the cytoskeleton of Giardia intesti-
nalis for which HIM enabled the visualisation of “a lattice-like
array material that covered the microtubular sheets of the
funis.” A review article on protozoa imaging by de Souza and
Attias nicely placed HIM imaging in the context of high-resolu-
tion SEM, environmental SEM, cryo-SEM, the usage of cyto-
chemistry, and 3D reconstruction with focused ion beam SEM
and TEM [85].

Biofilms
The large depth of field, the efficient charge compensation and
the strong edge contrast make HIM an excellent tool for the

visualisation of the structural organisation of biofilms. To date,
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Figure 9: Helium-ion micrograph of the predatory bacterium Bdellovibrio bacteriovorus infecting Escherichia coli. The sample was prepared by M.
Kriger and N. Said as preliminary work for the study published in [19].

Figure 10: HIM of Toxoplasma gongii inside a vacuole of an infected Rhesus monkey kidney epithelial cell. The close-ups (A) and (B) show the
intravacuolar network of tubules formed by the parasite soon after invasion. White arrows point at bifurcating tubules, black arrows point at crossing
tubules that do not fuse. Adapted from [83], Journal of Structural Biology, Vol. 191(1), by de Souza et al., “New views of the Toxoplasma gondii para-
sitophorous vacuole as revealed by Helium lon Microscopy (HIM)”, pages 76-85, Copyright (2015), with permission from Elsevier.



the great potential of HIM for the analysis of biofilms has not
been fully exploited yet and only few publications exist. To our
knowledge, the earliest publication in this direction is the ex-
tended abstract of LeTourneau et al. on rhizobacterial biofilms
in the proceedings of Microscopy and Microanalytics 2015
[89]. On wheat roots, they grew a phenazine-1-carboxylic acid
(PCA)-producing fluorescent pseudomonad strain and an
isogenic mutant impaired in the synthesis of PCA. The forma-
tion of the rhizobacterial biofilm on the root under dryland and
irrigation conditions was studied by fluorescent microscopy and
SEM on a larger scale. HIM was used to visualise the nano-
structure of the bacterial colonies; however, no micrographs
with sub-20 nm resolution are shown. The second publication is
an extended abstract by Belianinov et al. on the investigation of
the biofilm structure of Geobacter sulfurreducens by HIM [79].
The helium-ion micrograph of the bacterium shown in this
abstract displays the importance of an appropriate preparation
of the sample. The preparation method used by the authors —
chemical fixation in 4% formaldehyde, rinsing in buffer, dehy-
dration with ethanol, and air-drying — did not suffice to main-
tain the ultrastructure of the cell membrane as well as the fine

layer of EPS, which HIM can, in principle, visualise.

Beilstein J. Nanotechnol. 2021, 12, 1-23.

In the context of the microscopic analysis of bacterial and
archaeal viruses of the Himalayan hot springs at Manikaran,
Sharma et al. [18] imaged microbial mats with the HIM
(Figure 11). The variety of microbes embedded in EPS shows
the complexity of natural biofilms. Preparing these samples for
HIM is difficult because each fixation, rinsing, dehydration, and
drying step is a trade-off between preservation of the cell mor-
phology, avoiding precipitates on the sample and maintaining
the filigreed EPS. Therefore, Sharma et al. used a protocol both
simple and effective: The sample was kept in the medium
(water from the hot springs at Manikaran) to which gently and
slowly ethanol was added. Once a concentration of about 70%
ethanol was reached, the sample was kept in the fridge
overnight in order to use the gentle fixation effect ethanol
provides [90]. Subsequently, the ethanol/medium mixture was
pipetted off and the sample was treated with a graded ethanol
series to finish the dehydration. After critical point drying the
sample was ready for HIM analysis.

Moreno-Osorio et al. [46] investigated biofilms formed by
Chlorella microalgae of which an example is shown in

Figure 12. In this study, the biofilm was fixed in 4% paraform-

Figure 11: Microbial mat collected at the Himalayan hot springs at Manikaran imaged with the HIM. Unpublished data from the study of A. Sharma et

al. [18].
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Figure 12: A biofilm of Chlorella microalgae imaged using HIM. Charge compensation allowed for imaging the biofilm without any metallisation. The
exopolymeric polymeric substances between the algal cells are visualised with high contrast owing to the high surface sensitivity of the HIM. The sam-

ple was prepared by J. H. Moreno-Osorio within the study published in [46].

aldehyde dissolved in sodium cacodylate buffer for 2 h at room
temperature, followed by rinsing in buffer to remove precipi-
tates. Subsequently, the sample was dehydrated in a graded
ethanol series and critical point dried. This approach results in
an excellent preservation of the algal cells, however, at the cost
of a partial shrinkage of the EPS. The micrograph was recorded
using secondary electron imaging. The high surface sensitivity
and the strongly pronounced edges in this imaging mode render
the thin EPS between the algal cells bright white. Furthermore,
it is remarkable that despite the strong topography of more than
20 pm in the field of view, almost the entire image is well
focused owing to the large depth of field of the HIM.

Geomicrobiology

Microbe—mineral interactions are fundamental to many pro-
cesses taking place in the environment such as rock weathering,
nutrient release, toxic metal(loid) mobilization, and greenhouse
gas formation [91]. However, the combination of soft biologi-

cal material with hard minerals brings unique challenges to

imaging these interactions at nanoscale resolution. Tradition-
ally, scanning electron or transmission electron microscopy
techniques have been applied to great effect to study many
aspects of microbe—mineral interactions, such as the formation
of intra- or extracellular mineral precipitates, or intracellular
organelles associated with energy gain or electron transfer [92].
However, over recent years, the number of articles related to
geomicrobiology and containing HIM data has increased. This
is due to several factors such as the ability to image without first
coating a sample with conductive materials (e.g., Pt, Au, or C).
Such coatings have been shown to cause artefacts which can be
misinterpreted as being from the material under investigation
[6]. Furthermore, helium ions have a smaller interaction volume
with a sample than electrons. This means that HIM can be used
to provide better material contrast and depth of focus compared
to SEM. Consequently, HIM is considered as a viable alterna-
tive to SEM for studying processes in geomicrobiology, with a
steadily increasing number of published articles reflecting this
fact.



One area which has seen increasing use of HIM is the investiga-
tion of redox interactions between iron-metabolizing bacteria
with ferrous (Fe(Il)) and ferric (Fe(IIl)) iron. The ubiquity and
availability of iron on Earth has led to the evolution of Fe(II)-
oxidizing and Fe(IlI)-reducing bacteria, which use Fe(Il) and
Fe(III) as electron source and sink, respectively. Three types of
Fe(I)-oxidizing bacteria are thought to exist under neutrophilic
conditions in the environment including phototrophs, micro-
aerophiles and nitrate-reducers [93]. Phototrophic Fe(II)
oxidizers use light as energy and Fe(II) as an electron source for
growth. They are thought to have been partially responsible for
the deposition of banded iron formations during the Archean.
Laufer et al. [66] isolated a halotolerant anoxygenic phototro-
phic Fe(Il)-oxidizing green sulfur bacterium from a marine
sediment and used HIM to show the surface of the cells to be
smooth and free of iron minerals. This lack of cell-surface
encrustation is considered to be an important identifier. Byrne et
al. [80] used HIM to investigate the formation of organic—metal
fibres, known as twisted stalks, by microaerophilic Fe(II)-
oxidizing bacteria. These stalks consist of organic material as

well as nanometre- and micrometre-sized iron minerals which
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are loosely bound to the bacterial cells (Figure 13). It is thought
that these appendages help to eliminate Fe(IIl) waste produced
during Fe(Il) oxidation and provide a surface for the sorption of
nutrients as well as heavy metals. In the study, Byrne et al. took
advantage of the flood gun to analyse the development of
twisted stalks over time without coating the samples with a
conductive material. They observed the precipitation of lepi-
docrocite plates, which appeared to grow and become denser
over time. Regarding nitrate reducers, Joens et al. [6] published
the earliest article using HIM to investigate microbe—mineral
interactions. The authors compared the performance of both
SEM and HIM for studying the nitrate reducer Acidovorax sp.
BoFeN1. The authors noted the ability of HIM to greatly reduce
charging artefacts associated with field-emission SEM. The
same organism was also investigated by Zeitvogel et al. [60].
They investigated the effect of preparation approaches on sam-
ple preservation and how this affects the quality of the HIM
micrographs (see section “Sample preparation”). Nordhoff et al.
[94] applied HIM to investigate microbe—mineral associations
for culture KS, which is another nitrate-reducing Fe(II) oxidizer

and is in fact the only widely accepted bacterium which is able

Figure 13: Helium-ion micrograph of a twisted stalk produced by a microaerophilic Fe(ll)-oxidizing bacterium (unpublished). The white arrow indi-

cates a single bacterium.



to enzymatically couple nitrate reduction with Fe(II) oxidation.
To date, there are not many studies which have applied HIM to
study microbial Fe(III) reduction. The study by Belianov et al.
[79], who imaged a biofilm of the Fe(IlI)-reducing bacterium
Geobacter sulfurreducens, is the only published example, to the
best of our knowledge.

Apart from iron geomicrobology, a study by [95] used HIM to
characterise the colonization of mineral substrates by the soil
mineral-weathering microorganism Pinus resinosa, which is
widespread in North American pine forests. Through correla-
tive approaches with TEM, SEM, HIM, and X-ray tomography,
they were able to gain insight into microbially driven weath-
ering processes under nutrient-rich conditions. Mineral weath-
ering was also assessed by [96] and [97], who developed
methods to analyse biological and geochemical drivers of
weathering in natural settings. HIM was used to image sub-
nanometre mineral-organic interactions, whereas SEM (EDX)
was used for elemental quantification. They preferred the supe-
rior imaging capabilities of the HIM to image minerals weath-
ered in soil mesh bags filled with granular granite, basalt, and
quartz (53-250 um), which were deployed in the field for one
year. They were able to identify grain microtopography and
nanocrystal edges characteristic of quartz, lamella structures
and smooth surfaces of biotite in the granite, and vesicles of
basalt embedded with amorphous glass. The HIM also revealed
a fungal hyphae network in all samples with nanoscale imaging
suggesting accelerated weathering along the mineral surface
due to biological interactions. Moreover, HIM is being applied
for soil-based studies. Biochar, a carbon-rich material formed
by the pyrolysis of biomass is under fervent research because of
its ability to improve soil quality and improve agricultural
productivity. Rasa et al. [98] used HIM to investigate the rela-
tionship between internal porosity and pore size distribution of
biochar. HIM indicated that cell-wall structures in biochar do
not contain visible nanoscale pores and suggest that the water
storage and flow within willow biochar takes place in cylin-
drical capillaries. LeTourneau et al. [99] used SEM, HIM, and
NanoSIMS to show that phenazine-1-carboxylic acid, produced
by rhizobacteria in unirrigated wheat fields, and soil moisture
promotes biofilm formation at root surfaces.

With the exception of Joens et al., all other geomicrobiology-
related studies using HIM have been published in the past three
years. Most recently, HIM was used to great effect, such as for
studying vesicular structures budding off an ethane-degrading
anaerobe (Candidatus Argoarchaeum ethanivorans) [100].
Overall, it is thus clear that HIM is an extremely powerful
technique and is likely to be used increasingly in the field,
especially, if analytical capabilities soon become more wide-

spread.
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Nanofabrication

Ion microscopy has the added benefit over electron microscopy
that the same instrument has the capability not only to image,
but to also mill away parts of the sample material. The change
between the two functionalities depends on the ion current and
ion species. With sufficiently high currents, even He ions can
mill materials. In recent years, another ion species also became
available as an option in the commercial instruments, namely
neon. As Ne is much heavier than He, it has a stronger milling
capability, with the trade-off of reduced resolution. Initially,
He-ion milling with HIM was used in non-biological applica-
tions such as the direct fabrication of graphene nanostructures
and sub-5 nm size nanopores in suspended membranes. We will
not review these applications in detail here, as they have been

discussed in earlier reviews [101,102].

It is worth mentioning that some of the known nanopore appli-
cations are linked to biology, as nanopore membranes could be
used for advanced DNA sequencing technologies or the filtra-
tion and detection of biomolecules. In contrast, much less work
has been done regarding the milling of biological samples,
which will be reviewed below.

One of the first practical examples of using the combined
imaging and milling capabilities of a HIM in a biological study
was demonstrated in the seminal work by Joens et al. [6], in
which Ne-ion milling was used. They first imaged the mouth of
a predatory nematode Pristionchus pacificus with HIM
(Figure 14a) showing a membraneous sheath structure covering
the internal mouth cavity. After that, the sheath structure was
removed by milling, exposing the internal tooth structure,
Figure 14b.

Combining HIM imaging and He- and Ne-ion milling for
microbiological samples has also been initiated. In the HIM-
imaging study of bacteriophage—bacteria interactions by
Leppénen et al. [17], cross-sectional He-ion milling of a E. coli
cell was demonstrated (Figure 15a). Controllable cuts were
made, but the resulting exposed surface was smooth and did not
show any detail. In particular, no internal cavity or structure
was found. However, the image does also show a cut bacterio-
phage attached on the surface of the bacterium, with a hollow
head. For another species, Flavobacterium sp. 183 on Si sub-
strates, some indications of cross-sectional details were also re-
ported. No clear explanations for the differences of imaging
detail between the two cases were offered, but one should at
least note the very different substrates (porous dried agar vs
solid Si), which could affect heat dissipation, for example. In
the same study, a larger trench with 13 ym X 5 um area and
several micrometres deep was also milled into an agar substrate

with Ne ions, exposing a subsurface bacterial colony.
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Figure 14: Helium-ion micrographs of the predatory nematode Pristionchus pacificus before (a) and after (b) the removal of the membraneous sheath
covering the internal tooth structure by Ne-ion milling. Scale bar 5 pm. Adapted from [6], Joens et al., “Helium lon Microscopy (HIM) for the imaging of
biological samples at sub-nanometer resolution.” Licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License,
http://creativecommons.org/licenses/by-nc-nd/3.0/. Copyright © 2013, with permission from Springer Nature. This figure must not be reproduced or
adapted without permission from Springer Nature.

Figure 15: Helium-ion micrographs of sectioned microbiological samples. (a) He-ion-milled cross section of a E. coli with a half-cut bacteriophage on
top of it. (b) Ne-ion-milled cross section of a Bdellovibrio-E. coli bdelloblast with visible internal structure and Bdellovibrio progeny penetrating the
membrane. Figure 15a adapted from [17], Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Used with permission from
Leppénen et al., Imaging bacterial colonies and phage-bacterium interaction at sub-nanometer resolution using helium-ion microscopy, Advanced
Biosystems, John Wiley and Sons; Figure 15b adapted from [19], Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Used with
permission from Said et al., Have an lon on It: The Life-Cycle of Bdellovibrio bacteriovorus Viewed by Helium-lon Microscopy, Advanced Biosystems,
John Wiley and Sons.

In an another HIM-imaging study on a microbiological sample  Bdellovibrio progeny penetrating the membrane. It is possible
by Said et al. [19], Ne-ion milling was used to make a cross that the use of a Ne ion beam with its stronger cutting effi-
section of a Bdellovibrio-E. coli bdelloblast shortly after lysis  ciency helped to reveal the internal structure better than in the
(Figure 15b). A porous internal structure was revealed, with  milling study of Leppénen et al. [17].
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In a recent study on the microencapsulation of bacteriophages
with a membrane emulsification process, the internal structure
of the microcapsules was also studied with a combination of
Ne-ion cross sectioning and HIM imaging [20,103]. It was
shown that the method of sample drying (either freeze drying or
critical point drying) had a strong influence on the observed
internal structure. However, it was not stated which preparation
method represented the true structure.

Very recently, Ne-ion milling in HIM was also used to make
very precise cuts of a E. coli bacterium on a nanopillared drag-
onfly wing [104], at the exact location where the bacterial cell is
attached to the wing (Figure 16). The following HIM imaging
revealed intricate sharp structures at the interface between the
bacterium and the nanopillared wing surface. Clear deforma-
tions of the bacterial cell were visible, without any evidence of
piercing of the cell membrane by the nanopillars.

Bacterium

Figure 16: Helium-ion micrograph of a Ne-ion-milled section of a E.
coli-nanopillared dragonfly wing interface. A partly deformed and
stretched membrane is marked as “S”, and the tip of a nanopillar as
“T”. Scale bar 200 nm. Adapted with permission from [104]. Copyright
2020 American Chemical Society.

All the above examples demonstrate that HIM milling
combined with in situ HIM imaging is a promising novel
avenue for the microscopy of subsurface structures and, some-
times, for cross sections. Internal porous structures are revealed
particularly well. The strength of the technique is that the
milling can be done in a point-and-shoot mode at a precisely de-
termined location, in best cases at sub-nanometre resolution,

without the typical and restricting resin-embedding and metal-
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coating techniques often used with focused gallium ion beam
milling of biological samples in more common focused ion

beam instruments.

HIM in correlative approaches

The triad of imaging, nanofabrication, and nanoanalytics puts
HIM amongst the most versatile microanalytical tools available
at present. However, HIM alone cannot solve every problem in
microscopy. In subcellular chemical imaging, for instance,
correlative workflows combining high-resolution electron
microscopy and nanoanalytics (e.g., X-ray spectroscopy and
SIMS) are currently being established [105]. It can be expected
that HIM imaging, HIM-SIMS, and IL-HIM will soon become
part of such workflows because HIM will be one means to push
the limits of nanoanalytics to the (sub-)10 nm range. Early work
in this direction was published by Chen et al., who imaged
human liver cells correlatively by HIM and fast (1.2 MeV)
helium ions [106]. This correlative microscopy approach
connected surface-sensitive HIM with He-ion energy loss data
which represents the mass distribution in the cell. Furthermore,
the authors speculate that ion-induced fluorescence will allow
for fluorescence microscopy at the nanometre scale. Sanders et
al. reported a correlative study on the interaction of rat cortical
neural progenitor cells with gold nanoparticles at the Microsco-
py and Microanalytics Meeting 2014 [107]. They used HIM
alongside with optical and fluorescense microscopy, electron
microscopy, and electron-microscopic tomography techniques
to locate cells and nanoparticles. Fluorescent markers were used
to identify neurons and astrocytes, which subsequently were
found and imaged at high resolution. The correlative studies by
Sato et al. [25] and Moreno-Osorio et al. [46] have already been
discussed in previous sections. Recently, LeTourneau et al.
published a correlative study on rhizobacterial colonies on
wheat roots where stable isotope labelling in combination with
NanoSIMS, electron microscopy, and HIM, was used to study
the carbon and nitrogen cycles [99]. The influence of
phenazine-1-carboxylic acid and soil moisture on the biofilm
formation by rhizobacteria was investigated. In the workflow of
analyses, as can be expected, HIM was used to obtain structural
information at high resolution. However, in future correlative
workflows with HIM-SIMS or IL-HIM the role of HIM may
change towards its nanoanalytical capabilities.

Conclusion

The past decade of bio-imaging using HIM has seen the evolu-
tion of studies from those initially focused on the technological
advantages of the instrument to more recent publications which
use the HIM as part of a suite of tools to answer their research
questions. This gradual change in the application of HIM
provides an extremely positive indication that HIM has shifted
from being highly specialised to being more widely applied and



used to reveal information which could not have been previ-
ously obtained with more conventional techniques. The current
generation of HIMs has remarkable capabilities in terms of
spatial resolution, very large depth of field, and the ability to
image non-conductive samples without the application of
conductive coatings. These technical capabilities place the
imaging performance of HIM well above the most technologi-
cally advanced SEMs. This is particularly evident for the ability
to interrogate non-conductive samples, as is the case for most
biological materials, without first sputter coating with a heavy
metal, such as platinum or gold. This is possible thanks to the
presence of the flood gun, which is, in effect, a charge-compen-
sating device. It floods the imaging area with electrons to
remove excess charge from a sample and to prevent localised
build-up beneath the incident ion beam. Furthermore, the low
energy transfer between helium ions and secondary electrons
means that only the very near surface of a sample is imaged,
similar to using an SEM with low acceleration voltage. In this
way, HIM has been able to image the surface of biological ma-
terials as close to the native state as possible, without defects
and artefacts which are evident when imaging a coated sample

at high resolution or with low-voltage electrons.

On top of its remarkable imaging capabilities the ion beam of
the HIM is one of the most precise tools for nanoscale fabrica-
tion. It has been already used for milling delicate objects such
as bacteriophages [17], bdelloplasts [19], and bacteria on
natural nanotextured surfaces [104]. However, the full potential
of HIM nanoscale fabrication for biological applications has
certainly not yet been exploited. The potential future applica-
tions comprise, for instance, the sectioning of bacterial nano-
wires, which are produced by iron(Ill)-reducing bacteria as
conductive appendages for electron transfer [108], to study their
internal structure. Alternatively, nanoscale fabrication could be
used to better understand biomineralization by bacteria in the
environment. Milling experiments could also provide insight
into the development and release of extracellular vesicles or
viruses from cell membranes. In addition to microbiological ap-
plications, in general, subsurface imaging of any biological
sample at a precisely defined location could become another ap-
plication area, in particular, if porous features are to be ex-
pected.

Despite its power as an imaging device, the ability to obtain an-
alytical information with HIM is still not widespread. However,
an increasing number of instruments are being equipped with
mass spectrometry (SIMS) detectors, which combine the high
resolution provided by helium ions with elemental or isotope-
selective quantification. This technology will remove one of the
key differences between HIM and SEM. Other detectors, such

as RBS and ionoluminescence, will further improve the capabil-
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ities of HIM to image and analyse biological samples. Advance-
ments in the detection of transmitted helium ions with specifi-
cally designed ion detectors which are being developed as part
of the npScope project mean that bio-imaging using HIM is
likely to improve still further. Another important advancement
that is anticipated to emerge in HIM instruments over the next
few years is the ability to image samples at cryogenic tempera-
ture. This development would complement cryo-TEM and cryo-
SEM, which are already established for studying hydrated and
biological materials. Essentially, samples are rapidly frozen to
cryogenic temperatures. This effectively fixes the samples with-
out the requirement to use chemicals (e.g., glutaraldehyde),
which can induce side reactions. The main technical require-
ment is a cryogenic sample stage to be mounted within the
instrument, which can maintain the specimen temperature
below —120 °C [109]. To the best of our knowledge, there is
currently no HIM equipped with such a stage. However, the
ability to combine cryogenic imaging of biological samples
with the high-resolution and milling capabilities (see section
“Nanofabrication”) would likely be of broad interest to the

imaging community.

In this review paper, we have highlighted just some of the
exciting developments which have been made with HIM in
studies ranging from medical research to microbiology, plants,
small animals, and geomicrobiology. From imaging white blood
cells [2] to providing pseudo-3D micrographs of cartilage at
unparalleled resolution [70], or from images of the nanopillar
texture on the wings of a butterfly [12] to the precipitation of
iron oxide minerals onto organic templates created by iron(II)-
oxidizing bacteria [80], HIM bio-imaging offers enormous

potential and we hope to see its adoption continuing to spread.
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Helium ion microscopy (HIM) offers the opportunity to obtain direct views of biological samples such as cellular structures, virus

particles, and microbial interactions. Imaging with the HIM combines sub-nanometer resolution, large depth of field, and high sur-

face sensitivity. Due to its charge compensation capability, the HIM can image insulating biological samples without additional

conductive coatings. Here, we present an exploratory HIM study of SARS-CoV-2 infected Vero E6 cells, in which several areas of

interaction between cells and virus particles, as well as among virus particles, were imaged. The HIM pictures show the three-

dimensional appearance of SARS-CoV-2 and the surface of Vero E6 cells at a multiplicity of infection of approximately 1 with

great morphological detail. The absence of a conductive coating allows for a distinction between virus particles bound to the cell

membrane and virus particles lying on top of the membrane. After prolonged imaging, it was found that ion-induced deposition of

hydrocarbons from the vacuum renders the sample sufficiently conductive to allow for imaging even without charge compensation.

The presented images demonstrate the potential of the HIM in bioimaging, especially for the imaging of interactions between

viruses and their host organisms.

Introduction
The last decade of helium ion microscopy (HIM) was character-
ized by a rapid exploration of its sub-nanometer imaging and

ion-beam nanofabrication capabilities in materials science and

engineering [1]. Although HIM soon proved to be a promising

tool in the life sciences, the examination of biological samples

by HIM proceeded at a much slower pace. In recent years, it has
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been used in the field of cell biology for imaging various human
and animal cells. These include cartilage [2], cancer [3], liver
[4], kidney [5] and stem cells [6], as well as fibrin fibers [7]. To
visualize viruses and their host organisms, HIM has so far been
applied to image T4 phage-infected E. coli bacteria [8], various
phases of the life cycle of the bacterial predator Bdellovibrio
bacteriovorus [9] and the vesicular structure of ethane-
oxidizing archaea [10]. A comprehensive review on the subject
of bioimaging with HIM has recently been published by
Schmidt and co-workers [11].

In this work, we use HIM to investigate Vero E6 cells infected
with the novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Several members of the family Coronaviridae
have been described in the human population and usually cause
mild respiratory disease. SARS-CoV-2 demonstrated a world-
wide spread causing a significant global public health emer-
gency [12,13]. As of January 18th, 2021, more than 95 million
cases worldwide have been confirmed with the infection and
over two million infected patients have died [14]. African green
monkey kidney Vero E6 cells have been reported to support
SARS-CoV-2 replication in culture, while many more cell lines
have been reported to be refractory to SARS-CoV-2 infection
[15]. Both scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) have been used to image
SARS-CoV-2 [16-20]. While TEM achieves unsurpassed reso-
lution and can visualize macromolecular structures such as
spike glycoproteins or transmembrane proteins [21], SEM
provides topographic images of infected cells and virus parti-
cles distributed on their surface, albeit only after the samples
have been coated with a conductive layer. In contrast, the HIM
delivers a topographic image of the uncoated surface morpholo-
gy of cells and virus particles, allowing one to identify and in-
vestigate sites at which a cell interacts with the virus. While its
principle of operation is very similar to SEM, HIM utilizes a
beam of positively charged helium ions (He") instead of nega-
tively charged electrons to excite and detect secondary elec-
trons from the sample surface. Due to the high brightness and
low energy spread of its atomically sharp gas field ion source,
the smallest attainable focused spot size is about 0.3 nm [22].
With its significantly smaller convergence angle compared to
SEM, HIM achieves a much larger depth of field, which is par-
ticularly useful for imaging three-dimensional structures [22].
Due to their higher mass, He* ions penetrate deeper into the
sample and do not spread as wide as electrons, resulting in a
smaller escape volume of the secondary electrons and a higher
surface resolution of the HIM, compared to the SEM [23]. A
further benefit of HIM is its charge compensation capability
during secondary electron detection. SEM imaging of biologi-
cal specimen usually necessitates a thin conductive coating to

prevent negative charge accumulation from the impinging elec-

Beilstein J. Nanotechnol. 2021, 12, 172—-179.

trons. Such coatings, albeit only a few nanometers thick, can
significantly alter and conceal fine details of biological nano-
structures [2], which is noticeable in SEM images of virus parti-
cles [19,24]. Since in the HIM positive charge accumulates on
insulating samples, a low-energy electron flood gun can be used
for charge compensation, which irradiates the sample with a
diffuse beam of electrons. This eliminates the need for a
conductive coating, and allows for a direct view on nanoscale
structures [6,25]. Here, we demonstrate the benefits of high-
resolution HIM by imaging SARS-CoV-2 interacting with Vero
E6 cells without any conductive coating. The presented images
allow for the identification of SARS-CoV-2 virus particles,
their interaction with the cell membrane and a distinction be-
tween virus particles bound to the cell surface from those lying

on it.

Experimental

Vero E6 cells were cultivated in Dulbecco's modified Eagle's
medium (Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum (Capricorn Scientific) in a 5% CO, atmo-
sphere at 37 °C. SARS-CoV-2 (strain SARS-CoV-2 /Miinchen-
1.2/2020/984, p.2) [26] was grown on Vero E6 cells and titrated
as described [27]. Infection experiments were done under
biosafety level 3 conditions with enhanced respiratory personal
protection equipment.

For HIM, cells were seeded onto coverslips placed in 24-well
plates. The coverslips were previously sputter coated with
30 nm of gold to improve charge neutralization during HIM
imaging. After 24 h, nearly confluent monolayers were infected
with SARS-CoV-2 at a multiplicity of infection (MOI) of
approximately 1 or mock-infected using cell culture medium.
Following an incubation period of 18 h in a cell culture
incubator (37 °C), cells were washed with 0.1 M sodium
cacodylate (NaCac, pH 7.4) and fixed in 2% (v/v) glutaralde-
hyde, 2% (w/v) paraformaldehyde in NaCac buffer at room
temperature for 30 min. After fixation at room temperature, the
samples were transferred to the normal laboratory area and then
fixed at 4 °C with fresh fixatives. The coverslips were subse-
quently washed and dehydrated in a graded series of ethanol
(50%, 70%, 95%, 99.5% (2x)), transferred to water-free ace-
tone and critical point dried in carbon dioxide.

HIM was performed with an Orion Plus microscope (Carl
Zeiss) at an acceleration voltage of about 36 kV and a working
distance of 20 mm. The spot control was set to 6 to obtain a
beam current of 0.2 to 0.4 pA. To avoid charging effects during
secondary electron detection, an electron flood gun was used
after each line scan, if not stated otherwise, with a flood energy
of 540 eV, flood time of 10 ps and a focus of 107 V. It should

be mentioned that the flood gun parameters have to be opti-
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mized for each magnification level. All HIM images were re-
corded with 1024 x 1024 pixels. Before imaging, each sample
was stored in the vacuum chamber of the microscope at
3.3 x 1077 mbar for at least 24 h to remove most volatile
organic contaminants.

Results and Discussion

A comparison between a native and an infected Vero E6 cell at
multiple magnification levels is shown in Figure 1. Figure la
shows a sequence of four HIM images of native Vero E6 cells
(mock-infected). Figure 1b displays a sequence of HIM images
of Vero EO6 cells after they have been exposed to SARS-CoV-2
at a multiplicity of infection of approximately 1 (MOI 1) and an
incubation time of 18 h. The surface of the infected cells is
covered by a number of micrometer-sized vesicles and seg-
ments of cell membranes, which is a first indication that apopto-
sis occurred during viral replication. Regularly shaped particles
below 100 nm diameter on the cell membrane shown in
Figure 1b4 were only abundant on the cells of the MOI 1 sam-
ple and were therefore identified as SARS-CoV-2 virus parti-
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cles. This is in accordance with a study of Bojkova et al. [28],
which demonstrated the presence of newly synthesized viral
particles of SARS-CoV-2 even 10 h after initial infection. The
cell membrane of the infected cell is covered with the virus par-
ticles, which are predominantly spherically shaped. Holes in the
cell membrane, illustrated in Figure 1by and Figure S1 of Sup-
porting Information File 1, have previously been observed in
uncoated mammalian cells and indicate lipid nanodomains or
caveolea [6]. Figure 1c shows an evaluation of the virus parti-
cle size in five arbitrarily chosen regions on the MOI 1 sample
resulting in an average diameter of the virus particles of
75 £ 13 nm, noting that this value has been obtained from
viruses after fixation and critical point drying.

As He" ions can penetrate several hundred nanometers into the
sample [29], the outer rim of the cells appears brighter because
the ions pass through the cells and generate additional second-
ary electrons at the back of the cells and in the gold-coated
specimen slide [30]. The edges appear brightest where the cells
bend upwards from the substrate. The edge resolution in two

0 60 ,70 - 80- 90_100 430 120
Diaméter/(nm) |

Figure 1: Comparative HIM images of Vero E6 cells that were mock-infected and infected at MOI 1. (a1—_4) Mock-infected cells at different magnifica-
tions (FOV 200 pm, 45 um, 15 um, and 1.7 um) and (b1_4) cells infected at MOI 1 at different magnifications (FOV 250 ym, 45 ym, 15 um, and
1.7 um). The cell membrane is covered with the virus particles. (c1_5) Determined virus particle diameter distributions. The inserted histograms show
the respective image evaluation with normal distribution, mean value, and standard deviation. The average diameter of all evaluated images is

75+ 13 nm.
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highly magnified images, shown in Figure S2 of Supporting
Information File 1, has been determined by plotting the corre-
sponding gray-scale values over the edges of two holes, result-
ing in values of 1.3 and 2.1 nm. The edge resolution of the
images is determined by an interplay between the size of the
focused He* beam and the widening of the beam within the
sample material. The obtained values are typical for biological
materials [6-8,11].

An effect frequently occurring during HIM imaging with charge
compensation can be observed in the sequence of HIM images

Beilstein J. Nanotechnol. 2021, 12, 172-179.

shown in Figure 2a;_3, where a location on a MOI 1-infected
Vero E6 sample was first imaged at a field of view (FOV) of
23 pum (Figure 2a;), followed by two higher magnification
images with a FOV of 4.5 um and a FOV of 1 um (Figure 2a5).
Figure 2a3 shows the same region as Figure 2a;, but the parts
that were previously imaged at high magnification (FOV of
4.5 um) with a dose of 1.4 x 106 jons/cm? appear noticeably
brighter. This is caused by He* beam-induced carbonaceous
deposits resulting in a thin conductive coating. In addition to the
improved conductivity of the specimen, the deposited layer may
contribute to the electron density of the surface, thus increasing

100 nm

Figure 2: Effect of carbon deposition during HIM imaging. (a1) HIM image (FOV 20 um) of a cell infected at MOI 1 with charge compensation.

(ap) HIM images at high magnification (FOV 4.5 um and 1 um) with charge compensation. (ag) The same image section as (a1) after imaging the
regions in (ap). Due to increased conductivity, this region appears significantly brighter than the rest of the image. (b1—3) HIM images of a cell infected
at MOI 1 at different magnifications (FOV 20 pm, 5 um, and 450 nm) with charge compensation. (c1-3) HIM images of the same cell (FOV 20 um,

2 um, and 450 nm) after imaging the magnified sections in (b). (c1) and (c2) were imaged with and (c3) was imaged without charge compensation.
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secondary electron yield. This effect, commonly referred to as
electron- and/or ion beam-induced deposition, is commonly ob-
served in charged-particle microscopes. In electron micro-
scopes, deposition rates of up to 3 A/s at high current densities
have been reported. As the deposition rate quickly reaches an
equilibrium with rising current density, it can be assumed that
the limiting factor is the density of residual hydrocarbons in the
vacuum [31]. In the HIM, residual gas as well as the specimen
itself are considered the main contributors of hydrocarbons
[32,33]. Due to the much larger mass of He* ions compared to
electrons, their sputter rate is typically much higher. Since
organic compounds are ablated from the sample surface, hydro-
carbon deposition is likely to be more pronounced when
imaging biological samples in HIM. A schematic illustration of
this effect can be seen in Figure S3 of Supporting Information
File 1.

Figure 2by_3 shows an infected Vero E6 cell at different magni-
fication levels. Figure 2bs depicts the highest magnification
(FOV 450 nm) of the cell seen in Figure 2b;, showing the virus
particles on top of the cell membrane in a side view. Note that
after the zoom-out in Figure 2c, the previously imaged regions
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appear again brighter. After imaging Figure 2c, with a dose of
1.9 x 107 ions/cmz, the flood gun was turned off, which
allowed imaging of Figure 2c3 without any external charge
compensation. From the quality of this image, it can be inferred
that the deposited carbon layer rendered the sample sufficiently
conductive. However, small structures are still visible on the
membrane surface, which may originate from surface topogra-
phy or material contrast. The deposited carbon film is presum-
ably thinner than typical conductive metal or carbon coatings
for SEM imaging, and it does not show any surface masking
and clustering as seen on the gold substrate in the upper left of
Figure 2b,. The energy of the incident hydrocarbons is much
lower compared to the energy of sputter-deposited metals.
However, it is possible that this unintended, but sometimes use-
ful, carbon deposition can be reduced by HIM imaging in ultra-
high vacuum [34-36].

The cell structures shown in the HIM images of Figure 3a are
sharply resolved over tens of micrometers, which demonstrates
the high depth of field of HIM compared to SEM [37]. In image
3as, at the surface of the cell, a cluster of virus particles seems
to be bound to the cell membrane (arrow). We suggest that this

200 nmt
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Figure 3: HIM images of cells infected at MOI 1 imaged with charge compensation. (ai_3) Different magnifications of an infected cell (FOV 17 ym,
3.5 um, and 1.3 pm). At the high magnification in (as), clusters of virus particles (arrow) and junctions (arrowheads) between the virus particle and the
cell membrane become visible. (b1_3) Different magnifications of an infected cell (FOV 18 pm, 2 um, and 850 nm). While some of the virus particles
appear to be bound to the cell membrane (arrowheads), others seem to just lie on top of it (arrow).
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resembles the particle clustering by host defense protein BST-2
as it was observed for human coronavirus229E and quantified
in HeLa cells by Wang and co-workers [38]. However, the
metal coating applied by Wang et al. is clearly visible at high
resolution in the SEM images as a rough layer on the cell mem-
brane that hides the true topography [25,39]. In contrast, the
HIM images presented here not only allow for the quantifica-
tion of particles and clusters, but also enable an unveiled view
on the interaction of virus particles with the cell membrane. The
presented particle cluster seems to have a coalesced appearance,
which might be caused by the virus—virus and virus—-membrane
interactions mediated through agglutinating BST-2 [40,41].
Some viral particles appear to be connected to the cell mem-
brane by a continuous junction (arrowheads). Figure 3b shows
another cell on the MOI 1 sample at different magnification
levels. At the highest magnification shown in Figure 3bs (FOV
850 nm), these junctions can also be observed (arrowheads).
We assume that this resembles the tubulating cell membrane,
which is stabilized by BST-2 to prevent viral scission. This al-
ternative BST-2 interaction was already described for HIV-
infected cells via immuno-TEM [42] but has not yet been ob-
served for SARS-CoV-2. Aside from this observation, the HIM
images allow for the distinction between viruses bound to the
membrane and virus particles lying on top of the membrane
(Figure 3b, arrows). Compared to a SEM study in which all
visible virus particles on a cell membrane were quantified [38],
HIM images could provide additional information about bound
and unbound particles, resulting in more accurate data by
counting only the bound particles. The presented images
demonstrate that the HIM is well suited for the imaging of
virus—membrane and virus—virus interactions, for example,
when the virus particles are bound to the cell membrane or/and

have a coalesced appearance.

It is known that the spike glycoproteins can be visualized by
TEM. As the HIM images depicted the virus particles without
conductive coating, it is an interesting question, whether or not
the spike glycoproteins could, in principle, be resolved in HIM
images. Inspecting the highest magnification images, Figure 2bs
and Figure 2c3, we do not see unequivocal evidence of struc-
tures indicating the spike glycoproteins. However, it is conceiv-
able that a dedicated sample preparation could preserve their
structure for imaging in HIM.

Conclusion

In this study, HIM images of Vero E6 cells without infection
and infected with SARS-CoV-2 are presented. On infected
cells, the ultrastructure of the cell-virus interaction, as well as
interaction among virus particles, is shown. The absence of a
previously applied conductive coating allows for the distinction

between virus particles bound to the cell membrane and virus

Beilstein J. Nanotechnol. 2021, 12, 172—-179.

particles lying on top of the cell membrane. The images unveil
the three-dimensional appearance of SARS-COV-2 and the sur-
face of Vero E6 cells at MOI 1 with an edge resolution of up to
1.3 nm. Additionally, it is shown that ion-induced deposition
renders the sample surface sufficiently conductive to be imaged
without charge compensation. The presented images demon-
strate the potential of the HIM in bioimaging, especially for the
imaging of interactions between viruses and their host organ-
isms. HIM thus represents a versatile complement to conven-

tional methods in the life sciences.

Supporting Information

Supporting Information File 1

Additional experimental data.

[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-13-S1.pdf]
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A dark-field scanning transmission ion microscopy detector was designed for the helium ion microscope. The detection principle is

based on a secondary electron conversion holder with an exchangeable aperture strip allowing its acceptance angle to be tuned from

3 to 98 mrad. The contrast mechanism and performance were investigated using freestanding nanometer-thin carbon membranes.

The results demonstrate that the detector can be optimized either for most efficient signal collection or for maximum image

contrast. The designed setup allows for the imaging of thin low-density materials that otherwise provide little signal or contrast and

for a clear end-point detection in the fabrication of nanopores. In addition, the detector is able to determine the thickness of mem-

branes with sub-nanometer precision by quantitatively evaluating the image signal and comparing the results with Monte Carlo

simulations. The thickness determined by the dark-field transmission detector is compared to X-ray photoelectron spectroscopy and

energy-filtered transmission electron microscopy measurements.

Introduction

Throughout the past decade, the helium ion microscope (HIM)
has emerged as a versatile instrument that is used to drive
research across multiple disciplines. While it can be operated
like a scanning electron microscope (SEM) for imaging applica-

tions, it offers a higher resolution at a larger depth of field than

SEMs [1]. A major advantage of the technology besides its sur-
face-sensitive imaging capability is the ability to record charge-
compensated images on insulating samples such as biological
specimen or polymers without requiring a conductive coating
layer [2-4].
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In addition, the ability to record images with high signal-to-
noise ratio while using low beam currents (the HIM creates up
to five times more secondary electrons (SE) than an SEM [5]) is
advantageous when working with beam-sensitive samples. An
overview of the imaging as well as recently added analytical
capabilities using secondary ion mass spectroscopy can be
found in a recent review [6].

Beyond imaging, the HIM has been established as a key
nanofabrication tool for milling [7-9], defect engineering
[10,11], and resist-based lithography [12,13], overcoming the
resolution limitations of other FIB techniques [14,15].

Both bulk samples as well as thin membranes have been struc-
tured using the HIM. On membranes, the sputter yield is signifi-
cantly increased because sputtering occurs not only in back-
ward but also in forward direction [16,17]. To observe and
control the milling process, the ion transmission signal is
preferred over the SE signal because it is related to the mem-
brane thickness. The detection of the transmission signal can be
achieved in different ways. In a SE conversion plate holder, the
sample is placed above a polished metal plate that is turned
towards the SE detector of the microscope. Transmitted ions
release SE from the plate while apertures on the polished metal
plate filter bright-field and dark-field signal, similar to scan-
ning transmission electron microscopy (STEM). In this way, it
is possible to check qualitatively the milling progress on mem-
branes or even to determine quantitatively the thickness of a
sample. Notte et al. used thickness fringes on MgO crystals for
thickness determination [18], Hall measured the thickness of a
silicon nitride membrane down to 5 nm using the bright-field
signal [19]. A different detection method is the use of a micro-
channel plate (MCP). Woehl et al. were able to resolve the
core—shell structure of silica-coated gold nanoparticles with an
annular detector in the dark field [20]. Kavanagh et al. used a
silicon diode array as a pixelated sensor for transmission
imaging to observe ion beam scattering with a static beam and
as an end-point detection for pore milling into graphite sheets
[21].

This work presents the design and capabilities of a dark-field
scanning transmission ion microscopy (STIM) holder. The
holder design is based on the concept of a SE conversion
holder. The holder can easily be implemented into any existing
HIM. It is mounted on the sample stage without modifications

to the microscope.

Carbon nanomembranes (CNMs) serve as test samples. These
membranes are made from aromatic molecules, typically from
self-assembled monolayers. Upon electron irradiation, cross-

linking of the molecules is induced. A mechanically stable
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membrane is formed, which can be transferred onto any other
substrate, such as TEM grids [22,23]. Since CNMs originate
from a molecular thin film, they can be as thin as 1 nm. The
conductivity of such membranes is low, which poses a chal-
lenge to SE imaging with charged-particle microscopes such as
SEM or HIM [24].

This work demonstrates that the holder is easily optimized for
such difficult samples. It is possible to image a sample area and
vary the acceptance angles from 3 to 98 mrad under constant
microscope conditions. Thus, it is possible to study the behav-
ior of the STIM signal at different acceptance angles.

Results and Discussion

STIM detector design

The designed dark-field STIM detector (Figure 1a) is based, in
principle, on a SE conversion holder. It is mounted as a speci-
men holder onto the microscope stage at which the beam is
scanned over the sample. Multiple samples can be mounted at a
distance above a brass plate. On this conversion plate, ions
release SE, which are detected by the Everhart-Thornley
detector (ETD). Ions that are transmitted through a thin speci-
men (e.g., a membrane), undergo elastic and inelastic scattering
processes, which lead to deflection of the ion trajectories.
Depending on the resulting scattering angle, the transmitted
ions hit different points on the conversion plate below the sam-
ple. This plate has holes centered underneath each specimen po-
sition. The holes act as Faraday cups. Ions that are deflected by
a low angle will pass the hole and do not create a signal on the
conversion plate. lons that are deflected by large angles will hit
the conversion plate and create a signal that can be detected
with the ETD. Therefore, the brightness of a pixel in the final
image is determined by the degree of scattering. Additionally,
the brightness is determined by the acceptance angle a of the
STIM holder. This angle is defined by the size of the hole on
the conversion plate. It is the minimum deflection angle for ions
to create a transmission signal and can be calculated using

tano=r/h, (1)

with a as the acceptance angle, /1 as the operational height of the
holder (i.e., the distance between a thin membrane and the
conversion plate) and r as the radius of the hole (Figure 1a). An
increasing acceptance angle results in an overall darker image
as more and more scattered ions are excluded from the STIM
signal.

The dark-field STIM holder (Figure 1b) allows one to load up

to five samples at one time. Each sample is mounted 15.3 mm

above the conversion plate. Different conversion plates with
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Figure 1: (a) Operating principle of the STIM dark-field detector. Thin foils or membranes are placed in the top part of the detector, which is mounted
above the conversion plate at a specific height h. The height can be adjusted by an exchangeable spacer block. The metal conversion plate has differ-
ently sized holes directly underneath the mounted sample. lon trajectories are altered during the ion—solid interaction and exit the thin foils or mem-
branes at the bottom at different angles. The acceptance angle o depends on the height h and the radius of the hole r. Transmitted ions either enter
the hole or they hit the metal conversion plate, which produces SE that can be detected with the ETD. (b) Photo of the detector for the HIM showing

slots for five samples.

hole diameters from 100 um to 3 mm lead to acceptance angles
between 3 and 98 mrad. Two centering pins ensure that all aper-
ture strips are always mounted at the identical position on the
holder. The total size of the holder is limited by the dimensions
of the load lock valve as well as by the gap between holder in
the specimen chamber and objective lens.

The required hole sizes depend on the deflection angles, which
are determined by beam energy, sample thickness, and sample
material. The angles can be predicted using Monte Carlo simu-
lations, which yield information about the relevant range of hole

diameters by employing Equation 1.

For quantitative analysis of the STIM signal, a proper align-
ment of the sample is crucial. A beam shift needs to be avoided
to ensure a perpendicular beam on the sample and the imaging
area must be centered above the hole in the conversion plate.

In order to measure the pure STIM signal, SE emitted directly
from the sample need to be blocked. Ideally, the resulting signal
consists exclusively of SE released by transmitted ions. Three
measures were taken to filter out direct SE. Firstly, CNMs have
a low conductivity, which leads to charging and reduces the SE
emission from the sample surface [25]. In addition, the holder is
set to a positive voltage of 180 V that pulls the SE away from
the detector. Furthermore, the samples are placed in 2.5 mm
deep boreholes for signal shadowing, while the holder is in

close proximity to the objective lens.

To visualize the SE contribution that is overlaying the STIM
signal in later experiments, a CNM with a thickness of about
2 nm was imaged (Figure 2). This amorphous and insulating
membrane is placed on a conductive Quantifoil TEM support
grid. The sample was first imaged in a configuration that
excludes all transmitted ions from the detection chain and leads
to a SE signal only originating from the sample (Figure 2a). For
this configuration, the aperture strip is removed, exposing a
large hole in the base plate, and the spacer block (see Figure 1)
is removed to mount the specimen holder directly over the hole.
In Figure 2b the same sample area was imaged with the holder
in STIM configuration as depicted in Figure 1, that is, spacer
block and aperture strip were installed. In both configurations a
stage bias of 180 V was applied. While the free-standing CNM
shows nearly no signal in the SE configuration, the STIM signal
reveals details about ruptures and folds in the membrane. The
conducting Quantifoil support is visible in both configurations,
with an average grey level of 23 in SE and 117 in STIM,
suggesting a significant amount of direct SE in STIM configu-
ration in this region. STIM analysis will only be conducted on
areas of freestanding CNM. Intensity profiles across a feature (a
rupture and a fold) show that the portion of direct SE from the
CNM is negligible for the STIM analysis (Figure 2c).

Monte Carlo simulations and signal/contrast

modelling
In order to understand the physics behind the STIM signal, the
program Stopping and Range of Ions in Matter (SRIM) was
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Figure 2: Comparison of HIM detection schemes. (a) SE and (b) dark-field STIM signal at an acceptance angle of 13 mrad show the strength of STIM
on the CNM. Both images were recorded with the same ETD settings, but contrast was adjusted individually for publication. Line profiles from each
raw signal (c) prove that in STIM configuration, the SE contribution originating directly from the sample is negligible. In the STIM analysis of CNM, the
signal difference between rupture and double layer is one grey level in SE, compared to 57 grey levels in STIM, while there is no difference between

single and double layer in SE configuration.

used for Monte Carlo simulations [26]. When simulating thin
membranes, it is important to use the monolayer collisions
calculation type. Otherwise inaccurate results could be ob-
tained as the collisions will be averaged over the mean free
path. The simulation was run with 50,000 ions at energies of
either 15 or 30 keV. The CNM was approximated as a carbon
layer with a thickness between 0.3 and 13 nm. From the SRIM
output file of all transmitted ions, an angular distribution was
generated (see Figure 3a). The simulation results, obtained for
different values of the CNM thickness show that the mean value
of the scattering angle is reduced for thinner membranes. This is
intuitive as the ions undergo fewer collision while traversing
through the sample, leading to less accumulated deflection.

The following data treatment is intended to explain the STIM
signal for CNMs of different thickness. Since the detector only
converts ions that are scattered beyond the acceptance angle a,

it is important to consider the cumulative sum of all ions

beyond the angle a. An example of this data processing is
shown in Figure 3. From a scattering distribution (Figure 3a)
the ions are summed up to a theoretical STIM signal
(Figure 3b). This was done for sample thicknesses of 1.5 nm
(corresponding to a single-layer CNM) and 3 nm (a double-
layer CNM). In the extreme case of an acceptance angle of
0 mrad (i.e., a plain metal sheet as conversion plate), all trans-
mitted ions create a signal that can be subsequently detected. At
larger acceptance angles the overall intensity decreases
(Figure 3b). The signal decreases faster for a thinner membrane
than for a thicker membrane towards larger angles. This makes
sense, as thinner membranes lead to smaller deflection angles.
Thus, the transmitted ions hit the hole, rather than creating a
signal on the metal conversion plate. The difference (blue area
in Figure 3b) between both signals, however, does not stay con-
stant throughout the range of the acceptance angle. The plot in
Figure 3c shows the difference in STIM signal between 3 nm
thin and 1.5 nm thin CNMs for different acceptance angles.
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Figure 3: (a) SRIM scattering distribution of 30 keV He ions for single- and double-layer membranes, assuming a membrane thickness of 1.5 nm per
layer. (b) Predicted detector signal for the dark-field STIM detector with indicated acceptance angle. (c) Signal difference between the double-layer
and the single-layer membrane as a function of the detector acceptance angle.
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While the difference in the signal is low at small and large
angles, the simulation results show that it reaches a maximum at

an acceptance angle of 10 mrad.

Depending on the acceptance angle of the detector, maximum
brightness or maximum contrast between different thicknesses
are adjustable. The simulation results suggest that smaller
acceptance angles are ideal for applications where brightness is
important, such as end-point detection for, for example,
nanopores. Especially on extremely thin membranes such as
CNMs, milling processes are very fast and need a clearly
defined signal change when the membrane is milled through.
With acceptance angle and ETD settings tuned correctly, an
abrupt signal change from bright to dark could easily trigger a
stop command. If thickness variations, such as folds, or contam-
inations are of interest, larger acceptance angles serve better, at
the cost of losing overall image brightness.

Experimental evaluation of signal and

contrast using the HIM

Figure 4 shows a series of HIM images of CNMs using the
dark-field STIM detector configured with a range of difference
acceptance angles. For each image, a different conversion plate
with a hole size corresponding to the acceptance angle is
installed on the holder. The two sets of images were taken of
membranes of different thicknesses. For each set, microscope
and ETD settings were optimized and conditions were kept con-

stant for all images within the set.

Figure 4a shows a freestanding membrane that was intention-
ally ruptured by a high-flux helium ion beam prior to imaging.
The image shows the rupture, the membrane, and a folded layer
of the CNM. At small acceptance angles, the membrane yields a
high-intensity signal, while the overall intensity drops when in-
creasing the acceptance angle. This is in agreement with the
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SRIM simulations. At low and at high acceptance angles, single
layer and double layer are hard to distinguish. Maximum
contrast, that is, maximum signal difference between the single
layer and the double layer, is achieved at an acceptance angle of
11 mrad.

Figure 4b shows a thicker membrane. The images show a single
layer and a double layer of the membrane spanning over a hole
in the Quantifoil support. Overall intensity and contrast be-
tween the different layers are similar to those of the thin mem-
brane, but shifted to larger acceptance angles. Single layer and
double layer are hard to distinguish at an acceptance angle of
13 mrad. This angle yielded almost the maximum contrast for
the thin CNM. The maximum contrast for the thick CNM is
reached at an acceptance angle of about 52 mrad.

Thickness measurements using dark-field

STIM and Monte Carlo simulations

As shown in Figure 4, the maximum contrast between single-
and double-layer membrane shifts towards larger angles for a
thicker membrane. Quantifying this effect allows for the deter-
mination of the membrane thickness by comparing the
measured grey levels to SRIM simulations as demonstrated in
the following.

In Figure 3c the existence of a maximum signal difference be-
tween a single- and a double-layer membrane was predicted. In
this case, the thickness of the membrane was assumed to be
1.5 nm resulting in a maximum at an acceptance angle of
10 mrad. To determine the membrane thicknesses of both
imaged samples in Figure 4, many curves of the signal differ-
ence, as in Figure 3c, were simulated for different membrane
thicknesses. The acceptance angle of the maximum was
extracted from each signal difference graph and plotted as a
function of the membrane thickness. The result is shown in

11 mrad 13 mrad 16 mrad 20 mrad 33 mrad 65 mrad

Figure 4: Dark-field STIM images of (a) a thin and (b) a thick membrane. The membrane in (a) shows a rupture (black area) and a folded CNM. The
example in (b) shows a CNM spanning over a hole in the Quantifoil support. Both are showing the signal intensity of single- and double-layer mem-
branes. For the thicker membrane in (b), the signal of maximum contrast between one layer and two layers is shifted towards larger acceptance

angles. Scale bars are 400 nm.
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Figure 5. Each point in the graph is based on two simulations
with the thickness corresponding to a single- and a double-layer
membrane. The simulations were run using Kinetic ion energies
of 30 and 15 keV. This plot serves as a reference chart for thick-
ness determination of the examined samples.
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Figure 5: Acceptance angle at which the maximum signal difference
between a double layer and a single layer is expected as a function of
the layer thickness. The data was extracted from graphs such as those
shown in Figure 3c.

The grey levels from the experiments were processed analo-
gous to the simulation data. From each image in Figure 4, mean
grey values were determined for the single layer and the double

layer. The difference between these signals was plotted as a
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function of the acceptance angle. Figure 6a shows the experi-
mental results for both membranes. To determine the thickness,
the position of the maximum needs to be compared to the simu-
lations (see Figure 5). For visualization, the best-matching
signal curve was plotted for each membrane. By this, the thick-
ness of the thin and the thick membrane was determined to be
2 and 12 nm, respectively.

To estimate the error of the thickness determination, a CNM is
imaged at two different kinetic ion energies (15 and 30 keV)
and the results are compared to Monte Carlo simulations (see
Figure 6b). The simulation of a 2.0 nm thick CNM (dashed
lines) agrees well with the measurement at 30 keV energy for
the thin membrane. This is reasonable as it is the same mem-
brane as shown in Figure 6a. When evaluating the contrast at a
nearby area at 15 keV ion energy, however, 2 nm is not the
optimum thickness to reproduce the experimental contrast at
15 keV. At this lower incident ion energy, a thickness of 2.4 nm
(dotted lines) matches best the measurement values. Still, the
results suggest that the CNM thickness can be determined with
sub-nanometer accuracy using dark-field STIM measurements.
A mean CNM thickness value of 2.2 nm is a compromise be-
tween the two cases, and the error of this particular measure-
ment is 9%.

To test the validity of the determined thickness and the ap-
proach described above, the results from the STIM dark-field
imaging are compared to X-ray photoelectron spectroscopy
(XPS) and energy-filtered transmission electron microscopy
(EFTEM) data, both being established techniques for the thick-
ness measurement of thin films. All three presented methods,
STIM, XPS, and EFTEM, require an assumption about density
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Figure 6: Thickness determination by dark-field STIM and Monte Carlo simulations. (a) The measured image grey values of single- and double-layer
regions were extracted from both samples of Figure 4. According to the experimental data, the curve with the closest maximum was chosen based on
Figure 5. Both curves are plotted for visualization. (b) Measurement of the same CNM (thin) at different energies to determine the variation of thick-
ness results. The best-fitting curve at 15 keV yields a thickness of 2.4 nm per layer, at 30 keV it yields 2.0 nm per layer.
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and composition of the material in order to calculate absolute
thicknesses, so graphite was chosen as a well-characterized ma-

terial.

XPS collects the signal from a measurement spot with a diame-
ter of a few hundred micrometers. It has, therefore, a much
lower lateral resolution than STIM. It requires the membrane to
be placed on a solid bulk material. Therefore, from the same
membrane batch used for STIM measurements, thin and thick
CNMs were transferred onto a 300 nm Au film on a mica sub-
strate for XPS analysis. The thickness was calculated from the
attenuation of the Au 4fy/, photoelectrons by the membrane on
top. Details about the calculation can be found in the Support-
ing Information of the manuscript from Turchanin et al. [27]. In
order to provide comparability of the results to STIM and
EFTEM, the attenuation length was assumed to be 27 A, the
same as that of graphite [28]. The XPS results yield values of
2.1 nm for the thin CNM and 12.4 nm for the thick CNM. Both
values are in good agreement with 2.2 nm and 12.0 nm
measured by STIM (Table 1).

Table 1: Thickness values determined by STIM and other established
methods.

STIM XPS EFTEM EFTEM

60 keV 80 keV

thin CNM 2.2 nm 2.1 nm 1.8 nm 1.7 nm
thick CNM  12.0 nm 12.4 nm 10.5 nm 11.0 nm

As a second method for comparison, EFTEM was performed on
the samples after STIM measurements. EFTEM enables thick-
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ness mapping with a high lateral resolution. In EFTEM, elasti-
cally scattered electrons in a zero-loss energy-filtered image are
compared to the total electron intensity of a non-filtered image
[29]. It requires the estimation of an attenuation length A, which
was calculated by the Iakoubowskii model (Equation 9 in [30]),
assuming here that the films exhibit the mass density of pure
graphite. EFTEM measurements were done at kinetic energies
of 60 and 80 keV to rule out possible deviations from the calcu-
lation of the attenuation length. Both energies are below the
energy threshold for atom displacement in carbon membranes
and should not lead to knock-on damage on the membrane [31].
The use of an energy filter reduces the beam energy at the sam-
ple by 3 keV, leading to electron mean free paths of 86.1 nm for
77 keV and 70.5 nm for 57 keV. The results for both thin and
thick CNMs are listed in Table 1. The thicknesses are notice-
ably smaller than those obtained from STIM and XPS analyses.
During EFTEM imaging it became clear that the membrane
thickness decreased with increasing measurement time. In an
extreme test scenario, the same area on the thick CNM was irra-
diated in TEM for 60 min while the thickness was monitored by
EFTEM imaging (Figure 7a). The thickness decreases by 35%
over 60 min. It should be noted, however, that one hour is very
long compared to the usual measurement times of half a minute
to a few minutes. Furthermore, the neglect of impurities in the
CNM results in incorrect mean free paths A and leads to a thick-

ness deviation from the first image on.

To further investigate the observed phenomenon in the EFTEM
measurement, HIM and Raman spectroscopy were performed
on the samples after the EFTEM experiments. The SE image in
Figure 7b shows that membrane turned brighter in the areas pre-
viously imaged with EFTEM, which is indicative of a higher
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Figure 7: Alteration of a CNM by EFTEM at 60 keV beam energy. (a) The thickness decreases during EFTEM imaging, error bars refer to the stan-
dard error of the mean. The sample was exposed to the beam for 1 h and measured intermittently. (b) HIM SE image of an area on the CNM after
taking two consecutive EFTEM images (red circle). After the area was exposed to the beam for 3 min, the area turned conductive as the bright signal
in SE imaging indicates. (c) Raman measurement on the indicated area in (b) and a reference spectrum of a freestanding, non-irradiated area on the
same sample. After irradiation the photoluminescence background drops and D and G peaks appear, showing a graphitization of the area exposed to

EFTEM.
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electric conductivity, as demonstrated in the following. In
Figure 7c, a Raman measurement of this spot is compared to a
non-exposed part of the membrane. The non-exposed mem-
brane shows barely visible D and G bands on a strong photolu-
minescence background as it is reported for amorphous hydro-
genated carbon films [32]. After exposure to TEM, the photolu-
minescence drops and the D and G bands become more pro-
nounced, similar to a film of high-temperature annealed
nanographite [33]. It was previously demonstrated in TEM that,
at an energy of 80 keV, a graphitization of free-standing amor-
phous carbon can be induced [34]. It is also known that CNMs
can turn from the amorphous state into nanocrystalline graphene
upon heating [25]. It was observed that this comes with a loss of
atoms, which is also apparent in this experiment by the decreas-

ing membrane thickness (see Figure 7a).

The results from both methods, XPS and EFTEM, confirm the
thickness measurement by STIM. While XPS and STIM are
close regarding the absolute values, EFTEM shows a deviation.
The approximation of the electron mean free path and the alter-
ation of the CNM upon irradiation with high electron flux in

EFTEM can explain this deviation.

Conclusion

This work demonstrates the capability of an easy-to-build dark-
field STIM detector for ion microscopes. The dark-field STIM
detector enables the imaging of very thin carbon nanomem-
branes with a high signal-to-noise ratio, which could not be
achieved using the conventional ETD detector in the HIM. The
evaluation of the contrast mechanism suggests that the detector
is suitable for end-point detection, for example to drill small
holes into thin foils. Thickness variations, caused by double
layers or folds in membranes can be clearly visualized with the
detector. In addition, thickness measurements with sub-nanome-
ter precision are possible on thin foils or membranes when the
contrast is evaluated and compared to Monte Carlo simulations.
A comparison with established thickness measurements
confirms the STIM results.

Experimental

A dark-field scanning transmission ion microscopy (STIM)
holder was designed for a Zeiss Orion Plus helium ion micro-
scope (HIM). All HIM and STIM experiments were conducted
on the Zeiss Orion Plus using helium ions with kinetic energies
of 30 and 15 keV. A 10 pm aperture was selected and the
working distance was kept identical for all images at 9.8 mm.
The beam current ranged from 0.3 to 0.5 pA between different
sets of images but stayed constant within a set of images. The
grid of the Everhart-Thornley detector was kept at 500 V while
photomultiplier gain, brightness, and image intensity were

adjusted for each set of images to keep the signal on all images
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within the dynamic range of the detector. Images were acquired
at a dwell time of 0.5 ps with line integration of 64 lines. The
field of view was set to 10 um for the thin carbon membrane

and to 15 pm for the thick membrane.

The carbon nanomembranes (CNMs) were formed by low-
energy electron irradiation of aromatic self-assembled mono-
layers (thin CNMs) or spin coated layers of aromatic molecules
(thick CNMs). The electron irradiation leads to a crosslinking of
the aromatic molecules and results in an amorphous membrane
whose thickness is defined by the initial aromatic layer. CNMs
were transferred onto TEM grids (Quantifoil Multi A) using a
sacrificial layer of poly(methyl methacrylate) [35]. Thin CNMs
were prepared from terphenylthiol precursor molecules, thick
CNMs were obtained from CNM Technologies GmbH (Biele-
feld, Germany). The CNMs used for this experiment offer a low
conductivity to give a negligible SE contribution.

Monte Carlo simulations of the ion trajectories were run using
the software package TRIM in the program Stopping and Range
of Ions in Matter (SRIM) [26]. The “Surface Sputtering/Mono-
layer Collision Steps” calculation was selected due to the
limited thickness of the membranes to ensure that the collisions
in each monolayer were considered. 50000 ions at 15 and
30 keV energy were simulated. The membranes were assumed
to consist of pure carbon with the density of graphite of
2.253 g/cm?. The annular deflection angles of the transmitted
ions were obtained from the transmitted ions output file and
their distribution was determined using a frequency count in
steps of 1 mrad.

X-ray photoelectron spectroscopy was conducted on an
Omicron Multiprobe instrument using a monochromatized
Al Ka X-ray source (1486.7 eV, 225 W) and an Omicron
Sphera hemispherical electron energy analyzer at a constant
analyzer energy of 12.5 eV. The data was acquired under a
photoelectron emission angle of 13° with respect to the surface
normal.

Energy-filtered transmission electron microscopy was con-
ducted at energies of 60 and 80 keV on a Cs-corrected JEOL
JEM-ARM200F equipped with a cold field emission gun. A
GATAN GIF-Quantum ER image filter and a 2k x 2k CCD
camera (GATAN UltraScan) were used during EFTEM opera-
tion.
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Focused beams of helium ions are a powerful tool for high-fidelity machining with spatial precision below 5 nm. Achieving such a
high patterning precision over large areas and for different materials in a reproducible manner, however, is not trivial. Here, we
introduce the Python toolbox FIB-o-mat for automated pattern creation and optimization, providing full flexibility to accomplish
demanding patterning tasks. FIB-o-mat offers high-level pattern creation, enabling high-fidelity large-area patterning and system-
atic variations in geometry and raster settings. It also offers low-level beam path creation, providing full control over the beam
movement and including sophisticated optimization tools. Three applications showcasing the potential of He ion beam nanofabrica-

tion for two-dimensional material systems and devices using FIB-o-mat are presented.
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Introduction

Future breakthroughs in nanotechnology will rely on the ability
to fabricate materials and devices by design, that is, to tailor
both material properties and device geometries according to a
sophisticated blueprint. Thin layers and two-dimensional (2D)
materials are especially interesting candidates for designer ma-
terials [1] as they are compatible with planar device geometries
and may be combined in a straightforward manner, for example,
by stacking. Applications of such materials may rely on
(coupled) material excitations, such as plasmon polaritons in
gold nanostructures [2], on physical properties, such as the
exceptionally high mechanical stability of suspended graphene
[3], or on asymmetric magnetic interactions as in Co/Pt films,
enabling the formation of desired spin textures [4]. As the
actual device geometry determines the response to external
stimuli, the coupling strengths, and the corresponding figures of
merit, ultimate control in nanopatterning down to the single-

digit nanometer range is heavily sought after.

One promising candidate for ultraprecise nanofabrication is
focused ion beam (FIB) machining. Focused ion beams locally
remove material based on physical sputtering with a large
degree of flexibility due to advanced beam control. FIB pattern-
ing is a direct single-step process without the need of potential
contaminants, such as the resists used in lithographic ap-
proaches. For conventional gallium (Ga) ion beams the achiev-
able minimum feature sizes are still limited to approx. 10 nm
[2], and Ga implantation may cause unwanted modification of
material properties. In contrast, the recently emerged helium ion
microscopes (HIM) provide beam spot sizes below 1 nm [5].
The beam is formed by ionizing helium (He) atoms at an atomi-
cally sharp tip consisting of three tungsten atoms (trimer). The
trimer is metastable and has to be reformed at irregular time
intervals ranging from several days to one or two months. For
imaging and nanofabrication, only one of the three atoms is
selected. This nearly ideal point source allows not only for
high-resolution imaging but also for the milling of smallest
geometric features [5-7]. Furthermore, large-area machining is
possible due to the extraordinary beam stability in combination
with a large depth of focus. The first implies that the focus
quality remains unchanged over long time intervals, for exam-
ple, overnight, while the latter ensures that sample geometry
and the slight unavoidable tilt of the sample does not reduce
patterning quality. Hence, interim imaging and, thus, unin-

tended ion beam modification can be avoided.

The FIB patterning process relies on the beam control that is
well advanced and readily available in commercial ion micro-
scopes. lon microscopes of all manufacturers are equipped with
patterning engines, that is, a digital-to-analog converter (DAC)

patterning board, defining pixels that can be addressed by the
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beam, and a corresponding software that allows the user to set
the beam parameters and to create geometries with specific
raster styles. However, such vendor-specific software is adapted
to standard use cases and lacks the flexibility to realize ultimate
fidelity and robust large-area machining. So far, several pattern-
ing tools were developed, some of them only for specific
photonic components, such as solid immersion lenses from
diamond [8] or hole arrays and groove waveguides [9]. Others
are more versatile but require proprietary software or are non-
public. Hence, they are of restricted use for the community.
Interesting approaches for the patterning of three-dimensional
surface profiles rely on the creation of the respective three-
dimensional objects in computer-aided design (CAD) software
[10-14]. Here, the corresponding CAD file is converted to more
general file types, such as stereo lithographic files (.stl) [10] and
G-code [14], or directly into files that encode beam positions,
so-called stream files [12]. In all these cases, it is beneficial to
perform the material removal in thin slices of equal dose instead
of relying on locally varying doses of a single slice [11]. This is
a great benefit over the manufacturer-specific patterning options
that allow for grey-scale patterning, where the grey values
encode local doses. The results of the patterning can be im-
proved through modeling of the relevant processes in FIB
machining, especially angle-dependent physical sputtering [11]
and redeposition [15], or geometric considerations [12]. In the
same manner, locally varying doses in He ion-based resist pat-
terning may be corrected based on heuristic modeling employ-
ing a point spread function that sums up all physical and chemi-
cal processes in resist activation [16]. All these methods have in
common that the control over the actual beam path is limited.
While there are attempts to reduce the amount of blanking oper-
ations [13] and to follow the geometry of the pattern, tools that
allow one to create arbitrary patterns with a geometry-adapted
beam path are not yet available. Since the beam path is of
utmost importance for the patterning result, new tools are
needed to achieve both ultimate resolution and shape fidelity
[17].

Here, we introduce the modular patterning toolbox FIB-o-mat
to create and optimize patterns for ion beam machining, includ-
ing automation [18]. The idea of FIB-o-mat is to make use of
the built-in functionality of the commercial patterning engine
where appropriate, but to provide advanced options where re-
quired. FIB-o-mat provides an easily extendable modular
toolbox to enable full control over the beam movement. The
user can design patterns and subsequently specify optimized
beam paths, which are translated into a file format appropriate
for the respective patterning engine. Here, the capabilities and
first implementations are demonstrated for He ion beam pattern-

ing in three different use cases. In general, FIB-o-mat is usable
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for all sorts of ions and microscopes of multiple manufacturers.
Only the output files have to be adapted to the specific pattern-
ing back end.

lon Beam Machining with Light lons

Focused Ga ion beams are ubiquitous in ion beam machining
with well-established applications in material characterization,
for example, TEM lamella fabrication, cross sections or
tomographies [19,20], or in the fabrication of prototype nano-
structures, such as plasmonic antennas [2]. In contrast, appro-
priate fields of application for focused beams of light ions are
still under exploration. This is a consequence of the novelty of
the technique and of several significant peculiarities in the be-

haviour of light ions upon interaction with a solid.

First, light ions exhibit a large interaction volume in the solid.
The penetration depth of 30 keV He ions in silicon is more than
five times larger than the penetration depth of Ga ions of the
same energy [21]. The consequently large collision cascade
may create a significant amount of heat. Even for small ion
doses deformation of the manufactured structures can be ob-
served when placed on a material of small heat capacity, such as
glass (cf. subsection 3 of “Results and Discussion”). Here, it has
to be mentioned that separating the influence of local heat
creation from other beam-induced effects is not trivial (see Sup-
porting Information File 1 for further details). Another conse-
quence is the deep implantation of light ions. He and Ne are
chemically inert and may therefore diffuse out of the substrate
after a while. Diffusion in solids, however, is extremely ineffi-
cient, such that the majority of the primary ions will be
implanted at their final trajectory position [22]. Hence, large ion
doses lead to gas agglomeration and the formation of bubbles,
manifesting as strong surface swelling [23]. Furthermore, the
associated sputter rate of light ions is roughly an order of mag-
nitude smaller than that of Ga ions [21,22].

In addition, the low ion mass has further implications. The local
ion—solid interaction is a balance among several ion-induced,
surface-related, and thermally triggered processes [24]. Physi-
cal sputtering is only one of the processes. Also, chemical reac-
tions with adsorbed contaminants can occur and, under certain
circumstances, may dominate over the atomic knock-out. Typi-
cally, ion beam machining is carried out under high-vacuum
conditions, where the amount of contaminants in the chamber
(mostly water, but also hydrocarbons) still can form a mono-
layer per second on average. Often, additional contaminants
may be present on the sample surface, for example, residues
from wet-chemical processing. The locally introduced energy
can mobilize these contaminants such that they diffuse towards
the beam center where they are polymerized [24]. In the worst

case, this results in material build-up instead of sputtering.
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Already minor surface contamination can lead to unwanted side
effects, such as carbonized edges that may change local materi-
al properties. Furthermore, locally varying sputter rates and in-
creased minimum doses for sufficient material removal and in-
creased heat damage may occur. All samples that are inert
under oxidizing atmosphere should be cleaned in an oxygen
plasma before ion beam machining. Generally, all samples
should be introduced into the vacuum system one day in
advance to allow possible contaminants to desorb from the sam-
ples and be pumped out. While these protocols can improve the
technical conditions for the machining with light ions, other
challenges such as small sputter rates and large interaction
volumes persist.

Therefore, 2D materials are an ideal platform for ion beam
machining with light ions. The lack (or non-relevance) of the
interaction volume allows for a high spatial resolution, enabling
the fabrication of structural features in the single-digit nanome-
ter range where small sputter rates play a minor role. This holds
true not only for monolayer 2D materials, such as graphene, but
also for thin films forming quasi 2D geometries. The versatility
of the corresponding materials opens a wide field of exciting
applications including, but not limited to, the direct writing of
defects to act as nuclei for epitaxial growth [25], the fabrication
of two-dimensional phononic crystals [26], the magnetic pat-
terning of suspended Co/Pt multilayers, the fabrication of two-
dimensional mechanical resonators based on single-layer
graphene, and the fabrication of coupled plasmonic nanoan-
tennas from single-crystalline gold. The three latter examples
are realized in this work by developing optimized patterning
and automation routines [18].

Patterning and Beam Control

Patterning with an ion beam is a digital process where the beam
spot dwells for a defined time at a fixed location and is then dis-
placed by a defined distance (‘pitch’) to dwell again. To avoid
unintended beam damage the ion beam may by blanked when it
is displaced over larger distances. Figure 1a depicts a beam
path, which is defined by the spot locations, their dwell times,
and their pitches. The beam profile depends on the beam
settings, given by acceleration voltage, extractor voltage
(named ‘best imaging voltage’ (BIV) in the case of He ion
microscopy), and the beam current, as well as on the quality of
the focus. The beam profile is unknown a priori but can be typi-
cally described with a Gaussian profile in He ion microscopy
[27]. It has to be mentioned that the beam parameters for a gas
field ion source (GFIS) are strongly correlated and, thus, not in-
dependently adjustable. Due to the extremely small size of the
source typical currents are only in the range of picoamperes.
Varying the gas flux can finely adjust the beam current. Howev-

er, too large gas fluxes lead to a reduced trimer lifetime. Other-
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(a) patterning process
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(b) FIB-o-mat tools
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Figure 1: FIB-o-mat overview. (a) For patterning the beam spot follows a rasterized beam path with a defined pitch and dwell time per spot. The
piece-wise continuous beam path could be generated from a curved shape (lime curve). Positions of the spots are given by the kinks of the beam
path. (b) To create such beam paths FIB-o-mat provides geometric primitives that can be combined by Boolean operators, arranged in lattices and
rasterized in different styles using the high-level beam path generation available from the microscope patterning software. Since high-fidelity pattern-
ing requires the adaption of the beam path to all edges of the geometry, the low-level beam path generation allows for the creation of point clouds

in various ways, for example, by curve off-setting either of geometric primitives or imported graphics. Additionally, all Python functionality is available

in FIB-o-mat.

wise, the current can be modified by the size of the selected
aperture and by the location of the beam crossover relative to
this aperture (named ‘spot control’ by the manufacturer).
Placing the crossover into the aperture leads to the largest
possible current but also to the most divergent beam. Placing
the crossover above the aperture reduces not only the beam cur-
rent but also all image errors by cutting off non-paraxial radia-
tion. While the local sputter rate depends strongly on the prima-
ry ion flux and, therefore, the beam current, the fidelity of the
structures requires an optimum beam profile. Hence, in pattern-
ing, typically, a compromise between the optimum beam prop-
erties and the largest possible sputter rate has to be found.
Usually, the beam path is inferred from the priorly optimized
beam settings and the specific target geometry. In the following,
the combination of beam settings and patterning geometry is

called ‘pattern’.

Depending on the target geometries, the pattern creation process
can become a complicated and potentially time-consuming task
if done by hand. An automated and computer-aided patterning
design process can simplify this task tremendously. In case of
large arrays, even if the individual shapes are not complex
themselves, the large number of them makes it unreasonable to
create and layout everything manually. Also, if a pattern has to
match desired geometric constraints, an automated pattern gen-
eration process can construct the complete pattern from few
user-provided parameters by exploiting the defined constraints.
This provides easy access to systematic variation of geometries

and raster strategies. Finally, for complex pattern geometries,

especially with curved edges, the available features of commer-
cial patterning control software are not sufficient to even create
the corresponding adapted beam paths. To address these issues,
we developed the pattern generation toolbox FIB-o-mat with a
Python interface. FIB-o-mat enables the creation of arbitrarily
shaped pattern geometries in combination with geometry-
adapted beam paths and optimization/automation tools. The
code and Python package documentation can be found online at
gitlab under the gpl3 license [18,28,29]. Pre-build packages are
available on pypi [30].

The FIB-o-mat Toolbox

The overall design of FIB-o-mat relies on a two-step pattern
definition: First, a pattern shape must be defined and, second,
appropriate beam settings can be added to the pattern shape. By
design, neither assumptions are made on certain settings (for ex-
ample beam profile) nor are default values used. This may limit
the convenience for standard tasks compared to vendor-specific
patterning software but, in return, the design process is com-
pletely transparent to the user.

Figure 1b depitcs schematically the available tools to provide a
maximum flexibility for pattern generation. To generate shapes,
FIB-o-mat provides a range of geometric primitives, including
points, polygons and lines, ellipses, arc splines, and parametric
curves. These can be used as building blocks for custom shapes.
Alternatively, .svg and .dxf files can be imported and their
enclosed geometries will be automatically translated to

geometric primitives defined in FIB-o-mat. All shapes can be
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combined via Boolean operations and arranged in arbitrary two-
dimensional lattices by defining a unit cell and displacement
vectors. This is accomplished without explicit rasterization and,
consequently, the process again results in analytic shape geome-
tries. For rasterization of the obtained geometries, different line-
by-line raster styles are available, such as serpentines or cross
sections. Further, shapes can be off-set along their normal direc-
tion. If provided by the manufacturer, such curves may be
loaded into the patterning engine and rasterized there. In most
cases they are used to generate point clouds in which each point
represents a beam location. This provides the possibility to
adapt the beam path to arbitrary curved geometries, not only for
the built-in primitive shapes and the Boolean derivatives but
also for arbitrary imported shapes. Finally, full Python function-
ality is available with FIB-o-mat, for example to employ other

geometric modeling libraries.

Pattern generation can be carried out at two different abstrac-
tion levels, depending on the needs of the user and the capabili-
ties of the microscope software. High-level beam path genera-
tion is based on geometric primitives and raster routines avail-
able in the patterning generator of the microscope. Low-level
beam path generation creates point clouds, which directly
define the ion beam path.

1 High-level beam path generation

and automation

For the high-level approach, the pattern is constructed from
geometric primitives available in the patterning software of the
microscope. In the same manner, the rasterization relies on the
available parameters such as pitch, line distance, and line
ordering in a rectangular pattern. The parameters have to be
specified by the user within FIB-o-mat, which, in turn, gener-
ates a pattern file containing the shapes and the patterning pa-
rameters. The actual rasterizing of these geometric primitives is
carried out by the patterning engine of the microscope. If, for
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example, a rectangle shall be rasterized line-by-line but with
varying pitches for each line, FIB-o-mat would generate a list of
lines with the corresponding raster parameters defined for each

line.

The rasterization process for the high-level approach is
schematically depicted in Figure 2. The simplest geometric
entity is a spot. As shown in Figure 2a, spots with well-defined
positions and corresponding dwell times and number of repeats
can be created by FIB-o-mat. Typically, the only one-dimen-
sional geometries available in commercial patterning software
are straight lines and circle segments and the rasterization has to
be carried out in a consecutive way, cf. Figure 2b. In the same
manner, all two-dimensional geometric primitives have to make
use of the pre-defined raster styles, such as line-by-line in one
direction or alternating directions as well as cross-sectional
rasterization (repeat each line until the full dose is applied
before starting the next line) or serpentines (make the beam path
continuous by turning the direction when starting the next line).
In the case of circular primitives, rasterization in an azimuthal
direction (raster lines follow the circular outline of the shape) is

implemented by all major manufacturers.

There are several benefits of the high-level approach for pat-
terning. As it relies on predefined geometric entities, the
loading of generated patterning files can be faster than that
of potentially huge point clouds. Especially a collection of
many simple patterns with changing geometry or rasterization
parameters will still result in relatively small file sizes. In addi-
tion, the patterning settings of the individual objects can be
easily changed in the patterning software after loading the
pattern file created with FIB-o-mat. While other microscopy
parameters, such as the stage position, can be controlled via an
application programming interface (API) or patterning options
of the manufacturer, large-area patterning can be automated by
FIB-o-mat. Another interesting approach for the automation of

(c) 2-dim

CECECEC
® e

linear / cross section serpentine

Figure 2: Geometric primitives and rasterization styles available for high-level pattern generation. (a) Single spots, (b) straight lines and circle outline

segments, and (c) a rectangle as representative for available 2D primitives.
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small and regularly arranged patterns makes use of the pitch in
high-level patterns [31]. When setting the pitch of a 10 pm
rectangle to 10 nm, an array of 1000 x 1000 holes with 10 nm
spacing may be created. By placing such rectangles onto a
rasterized curve, this curve will be replicated in the same
manner. While this approach is fast and efficient for large
arrays of patterns consisting of few points, it becomes unreason-

able for arranging more complex subunits.

However, the flexibility of the high-level approach is low. Only
geometric primitives pre-defined by the manufacturer along
with few raster styles are available. For complex shapes, the
available raster routines even reduce to a line-by-line rectan-
gular raster once different geometric primitives are combined
by Boolean operations. Therefore, in many application cases the
beam path will not follow the geometry edges, leading to arti-
facts, especially when approaching the resolution limit of the
machine.

Attention has to be paid when employing the geometric primi-
tive ‘spot’ of the manufacturer software. The commercially
implemented patterns contain not only the geometric shapes and
raster styles but additional optimization strategies that are often
not transparent to the user. One example is a beam stabilization
position along with a certain waiting time after each repeat of
the pattern. What may have a minor influence for two-dimen-
sional patterns can become a major issue in the case of point
clouds. An estimate for one of the established manufacturers
gave a beam stabilization time of about 5 ms for each pattern
summing up to almost 1.5 h when executing 1 million spots.
Given the fact that typical dwell times are in the range of
microseconds, the actual patterning time of this point cloud

would be expected to take seconds.
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2 Low-level beam path generation

and optimization

Full control over the beam path is only provided by the low-
level tools of FIB-o-mat. Here, the point cloud depicted in
Figure 3a is not an assembly of pre-defined primitives. Instead,
it represents a list of true beam positions. Such lists can be
loaded into the microscope software as so-called deflection lists
or stream files. FIB-o-mat creates the deflection lists by
defining individual points as pre-rasterized geometry, as shown
in Figure 3a, by rasterizing arbitrary parametrized curves, or by
calculating off-set curves around arbitrary geometries as
displayed in Figure 3b,c. In the latter two cases the rasteriza-
tion of the curves can be defined in a custom manner. This
includes all raster styles that are available in the high-level ap-
proach but also user-defined styles, such as the back-stitching
depicted in Figure 3b,c. The provided tools allow for flexible
pattern generation and mitigate typical problems in ion beam-
based machining.

As the local material removal by ion beam impact is a complex
interplay between different physical and chemical processes,
many unwanted artifacts can (and typically will) occur during
patterning [24]. The ion beam-induced physical sputtering does
not cause a complete material removal. Instead, the material is
locally redistributed [15]. The phenomenon is known as redepo-
sition and can be minimized by varying the slow beam direc-
tion [17], that is, for line-by-line scanning, by starting from the
first line in the first repeat and from the last line in the second
repeat.

During ion beam machining of multi-crystalline materials the
varying crystal orientations cause a variation in the local sputter

rate due to ion channeling [24]. If one of the symmetry axes of

(c) 2-dim
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back-stitch

Figure 3: Geometric entities and rasterization styles available for low-level pattern generation. (a) Pre-rasterized point cloud, (b) arbitrary parame-
trized curves with custom rasterization, and (c) a heart as representative for arbitrary 2D geometries that can be either generated or loaded including

custom raster styles.
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the crystal lattice is oriented along the beam direction, the ion
penetration depth is larger, which, in turn, reduces the sputter
rate. The resulting surface roughness may be minimized by
removing the material with only few cycles. For standard
geometries, both of these optimization problems are already
targeted with the high-level approach and the pre-defined raster
strategies [17]. However, only the low-level approach enables
these strategies for arbitrary shapes in combination with adapted

beam paths.

Another typical artifact is a shape distortion via beam-induced
modifications, possibly due to heat. This is a severe issue espe-
cially for ion beam machining with light ions (cf. section “Ion
beam machining with light ions”). The ion beam locally intro-
duces energy that needs time to dissipate before the beam
reaches the same position and introduces energy again. In the
low-level approach, the raster strategy can be customized such
that the local dose per time is minimized (e.g., back-stitch or
other custom point- or line-hopping approaches). If provided by
the manufacturer, flags for beam blanking may be introduced as
well. However, the number of beam blanking operations should
be kept as low as possible, as it introduces ‘unused’ patterning
time and may cause artifacts due to the limited blanking speed.

Once the point cloud of such an adapted beam path is created by
rasterization with FIB-o-mat, regions of higher local point
densities may appear. This occurs for large curvatures in the
off-set curves as schematically depicted in Figure 4a. Here, the
actual ion beam profile has an important influence as it defines
how much the local dose deviates from the target dose. The
local dose received at each spot location equals the sum of the
dose applied there and the doses reaching that location from
nearby points. By assuming a Gaussian profile of the beam, the
local dose can be calculated by integrating over the profiles of
all contributing spot locations. In the regions of higher point

(a) low-level beam path generation
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densities, this results in a local dose exceeding the target dose.
For local dose correction, FIB-o-mat first rounds off regions of
high curvature in the beam path by replacing them with circle
segments. It is recommended to use radii of half the pitch for
rounding to keep sufficient information about the geometry. In a
second step, the dwell times of individual spot locations are
reduced in an iterative manner such that the target dose can be
achieved. Figure 4b shows the application of the local dose
correction for a trimer geometry. Here, the local dose exceeded

the target dose by about 50% before the optimization routine.

3 Programming and file formats

The FIB-o-mat toolbox is mainly written in Python and partly in
C++. It can be compiled on any modern operating system. The
modular layout of FIB-o-mat makes it easily extendable by any
FIB user. Currently, only He ion beam patterning is supported,
and all manufacturer-specific tools are not publicly available. In
the future, it is planned to introduce and share back ends for
microscopes of different manufacturers.

As the definitions of geometric primitives and raster styles
change between different patterning tools, the corresponding
high-level functions need to be implemented by the user if not
yet present. All standard primitives and raster styles are avail-
able in FIB-o-mat. Alternatively, the low-level approach may be
used for full flexibility of the beam path. During import of the
graphics, due to the complexity of the .dxf file format, only a
subset of features is supported in FIB-o-mat. Similar manufac-
turer-specific challenges occur during automation. Some manu-
facturers provide automation tools that can be accessed by the
patterning software, others require the use of an API that may
even have to be licensed. In the latter case, implementing
automation using FIB-o-mat can be highly demanding, for ex-
ample if the featured APIs are relatively restricted and based on
a proprietary programming language.

(b) optimization of local dose

before

dose multiplier

Figure 4: Geometry-optimized patterning. (a) Beam path generation by curve off-setting around arbitrary disconnected shapes. (b) Upon rasterizing
curved beam paths, strongly curved regions can exhibit local doses larger than the target dose. This is corrected by a local dose optimization reducing

the beam dwell time in these regions.
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Another technical challenge concerns the obtained pattern sizes
for the low-level approach in FIB-o-mat. Complex patterning
tasks easily result in millions of points that may cause memory
problems when loaded into the patterning engine of the micro-
scope. Here, a binary file format is highly desirable instead of
ascii files with plain text.

Results and Discussion

Three test cases were selected to demonstrate the different capa-
bilities of FIB-o-mat. These include high-level patterning with
automation of magnetic multilayers, low-level patterning with
automation of suspended graphene and low-level patterning and
beam path optimization for gold on glass. Patterns for all three
test cases are available in the git repository of the FIB-o-mat

package [18].

1 Magnetic patterning of Co/Pt multilayer

films
Used FIB-o-mat features: high-level beam path generation

with automation via stage control.

Magnetic thin films and multilayers are of great technological
interest as platforms for spin-based devices encoding bits using
nanoscale domain walls or skyrmions [4]. The magnetic proper-
ties of thin magnetic films and multilayers can directly be modi-
fied in a controlled manner by low-dose ion irradiation. Local
variation of the dose using masks or focused ion beams leads to
pure magnetic patterning without affecting the topography of
the films [32]. The local modification of the magnetic proper-
ties, in particular anisotropy and exchange coupling (including
the chiral Dzyaloshinskii—Moriya interaction), originates from
structural modifications, such as interface structure, atomic
ordering, atomic composition, and crystallographic phase
[33,34].

Here, the impact of He irradiation on the ferromagnetic multi-
layer [Cog /Pty gli5 is studied [35,36]. This multilayer shows
perpendicular magnetic anisotropy arising from the Co/Pt inter-
faces and forms nanometer-scale, labyrinth-like domains with
opposite out-of-plane magnetization in remanence. We are par-
ticularly interested in how ion irradiation changes the morphol-
ogy of the magnetic domains and how it influences the nucle-
ation and annihilation of domains in a typical adiabatic field

cycle as well as after picosecond laser excitation [37,38].

The fabrication of the samples starts by depositing the magnet-
ic multilayer onto 150 nm thick silicon nitride membranes via
magnetron sputtering. The membranes are almost transparent
for soft X-rays, which are later employed for imaging of the
samples. Subsequently, the multilayer film is locally modified

by He irradiation, employing different patterning layouts and
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varying the applied He ion dose. Typical patterns comprise
checkerboard structures, lines, and dots with characteristic
dimensions ranging from 50 nm to several micrometers. The
applied He dose varies between 10 and 50 ions/nm?2. The the
appropriate dose range was determined in prior automated dose
tests (cf. Supporting Information File 1, section “Automation in
FIB-o-mat”). The used ion beam current was 2.6 pA at an accel-
eration voltage of 30 kV and an extractor voltage of 32 kV. The

dwell time was 1 ps and the pitch was 5 nm.

The magnetic nanometer-scale domain configurations were
imaged via soft X-ray holography [39], exploiting X-ray mag-
netic circular dichroism [40] and giving rise to an absorption

contrast of areas with different out-of-plane magnetization.

Areas irradiated with an ion dose of 50 ions/nm? no longer
show an out-of-plane magnetization component. Based on
previous experiments, we assume that the interfaces inside the
multilayer are modified so severely that the magnetization
switched to in-plane [32-35]. In contrast, an ion dose of
10 ions/nm? does not lead to a modification of the multilayer
that is observable in the domain pattern or in the hysteresis of
the sample. Similar ion dose ranges are reported elsewhere for
Co/Pt multilayer systems on SiO, substrates [41]. Figure 5
shows images of the domain configuration in the multilayer
irradiated with an ion dose of 30 ions/nmZ2. The gray-scale
images encode purely magnetic contrast with white and black
colors indicating opposite out-of-plane magnetization. The sam-
ple was irradiated in a checkerboard-like pattern with a side
length of each square of 500 nm and a total area irradiated of
20 x 20 um. In this sample, the domain size in irradiated
regions is significantly reduced as compared to domains in non-
irradiated regions, as shown in Figure 5d (at O mT). Tailored
modification of the magnetic film thus enables the coexistence
of two magnetic structures in a checkerboard pattern, revealing
different magnetic behavior side by side. The sample was
imaged in a full applied-field sweep from saturation at positive
field to saturation at negative field. During this measurement,
images at particular applied fields were recorded (Figure 5).
After saturating the magnetic film (at 390 mT, Figure 5a) and
reducing the applied field, domains form (180 mT, Figure 5b)
and grow (Figure 5c) first in irradiated regions, before domain
formation in the non-irradiated regions starts from the edges of
the checkerboard squares (0 mT, Figure 5d). Analogously, the
non-irradiated regions saturate first at (—110 mT, Figure Se),
and the irradiated regions saturate later at less than (=320 mT,
Figure 5f). Remarkably, the domains in the irradiated areas
shrink to a dense array of small bubble domains close to the
saturation point (Figure 5f). Hence, through He-assisted sample
fabrication, the formation of magnetic domains can be en-

hanced in a controlled manner, probably due to the increased
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normalized magnetization

Figure 5: Magnetic nanopatterning of a Co/Pt multilayer. Fourier-transform holography (FTH) images (a—f) with a predefined field of view (FOV) of

1.5 pm illustrate a magnetic field cycle from positive saturation at 390 mT to negative saturation in an He ion irradiated sample, revealing a checker-
board pattern with 500 nm side length. The black—white contrast encodes domains with opposite out-of-plane magnetization. Starting from a satu-
rated state (a), magnetic domains first form in ion-irradiated regions (b, c) before they appear in non-irradiated regions (d). The non-irradiated regions
saturate earlier when the applied magnetic field is further decreased (e, f). The presented magnetic film, thus, supports the coexistence of regions with

different magnetic properties. The scale bar is 500 nm.

density of pinning sites, that is, variations of the local aniso-
tropy.

Since the influence of different ion doses and pattern shapes on
the formation of magnetic domains is not known a priori for dif-
ferent magnetic material systems, a lot of different combina-
tions of doses and shapes must be patterned initially (cf. Figure
S2, Supporting Information File 1, where in total 42 different
patterning sites are shown of which each site includes of a dif-
ferent shape/dose combination). Using the FIB-o-mat package,
the creation of the patterns can be automated. The patterning is
carried out with the automation tool of the NPVE software
controlling the He ion microscope according to the FIB-o-mat
patterns. No further manipulation of the patterns by the user is
required. Hence, FIB-o-mat is technically not necessary for this

task but constitutes a significant time-saver.

2 Mechanical resonators based on

suspended single-layer graphene

Used FIB-o-mat features: low-level beam path generation and
automation via stage control, patterns optimized for speed to
generate a large number of trampolines with varying bridge
widths.

Atomically thin graphene has extraordinary mechanical proper-
ties [3], and graphene nanomechanical resonators have been
employed as various sensors [42-46]. Yet, the sensitivity at

room temperature is limited by a rather low quality factor. Pat-

terning of the devices into trampoline-shaped resonators yields
a large increase in quality factor and, thus, device performance
[47,48]. Furthermore, the material removal reduces the thermal
coupling of the central device area to the supporting substrate.
As graphene is a single-atomic layer, it exhibits the lowest
possible heat capacity per unit area of the material [48]. Its
broadband spectral absorbance [49], in combination with a ther-
mal stability up to 2600 K [50], renders graphene an exciting

candidate for room-temperature bolometry [51].

Single-layer graphene was grown by chemical vapor deposition
onto a multicrystalline copper foil using methane as precursor
gas at 1035 °C. For the transfer process, the graphene sheet was
covered by a 500 nm thick PMMA layer. After etching the
copper foil, the graphene sheet was transferred onto a SiN
membrane with a regular grid of holes. The transfer process is
described in detail elsewhere [52]. The SiN membrane was
covered with a thin layer of gold, which allowed us to electri-
cally contact the graphene sheet and actuate the resonators elec-
trostatically. The motion of the devices is detected using a

Michelson interferometer [48].

Figure 6a depicts a secondary electron HIM image of a
patterned trampoline graphene resonator. A He ion current of
3 pA was employed at an acceleration voltage of 30 kV and a
BIV of around 32.3 kV. The patterns were constructed from
circle segments combined with linear segments to define length

and width of the trampoline bridges. In the absence of contami-
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Figure 6: Single-layer graphene resonator. (a) Secondary electron He ion microscopy image of the graphene resonator patterned into a trampoline

geometry. Laser excitation from the top is depicted schematically by the red arrow. (b) The corresponding heat distribution induced inside the trampo-
line due to the laser heating was obtained by finite element modelling. The resonator is excited by electrical gating and the displacement is detected in
an interferometric read-out. (c) Experimentally determined frequency response of the fundamental mode of the trampoline resonator at 12.5 MHz with

(d) the simulated mode shape of the fundamental resonance.

nants, a pitch of 50 pm in combination with a dwell time of
4 ms leads to well-defined single-repeat cuts. To avoid ion
beam-induced modifications of the graphene sheet, the pattern
location was adjusted at one of the SiN holes followed by auto-
mated stage moves and patterning. Thus, a large number of
trampoline resonators could be fabricated without unintended
beam impact due to imaging in a reasonable overall patterning
time. The corresponding step-and-repeat list with the geometric
primitives, path settings, and displacements was created in FIB-
o-mat and could be directly loaded into the patterning engine of
the microscope.

To probe the device, a laser spot with a width of around 1.3 ym
at a wavelength of 632 nm was directed onto the central region
of the resonator. A numerical description of the locally heated
resonator was carried out by finite element modeling. The ob-
tained heat map shows good thermal decoupling of the trampo-
line geometry with a large gradient. The central region exhibits
temperatures around 800 K while the bridges stay close to room
temperature. The resonance frequency of the fundamental mode
is 12.5 MHz (cf. Figure 6b) and exhibits a quality factor of
about 300 without laser heating. When suspended graphene is
heated by a light source, the built-in tension in the device is
reduced because graphene has a negative thermal expansion
coefficient [53], and a down-shift in resonance frequency is ob-
served. The mode frequency can be shifted up by 100 percent

through increasing the laser power from 15 to 150 uyW. The
large bandwidth in combination with the increased responsive-
ness created by the trampoline pattern allows the system to
operate as an ultra-sensitive and ultra-fast bolometer [48].
Finally, the increased quality factor and reduced thermal cou-
pling to the substrate should allow for efficient side-band cool-
ing experiments, which so far are hindered by very strong ther-
mal coupling and low quality factors [54,55].

3 Plasmonic tetramer antennas based on

single-crystalline gold flakes
Used FIB-o-mat features: low-level beam path generation
with optimization concerning heat transport, patterning time,

and local dose.

Thin flakes of single-crystalline gold constitute an ideal plat-
form for plasmonic applications due to the lack of scattering
losses at grain boundaries and surface roughness [56]. In nano-
structured gold, collective excitations of the free electron gas
may occur under the incidence of visible light [2]. These
plasmon polaritons of individual nanoparticles are not only
strongly resonant with the ability to concentrate light below the
diffraction limit. They may also be efficiently coupled in
closely packed ensembles of plasmonic particles. In the case of
three-dimensional crystals from gold spheres even deep strong

coupling of light and the plasmonic excitation at room tempera-
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ture was achieved [57]. Here, we investigate the influence of the
fabrication routine on the resonant response of small ensembles
of coupled plasmonic scatterers, namely tetramers of spherical
gold discs residing on a glass substrate. Such ensembles may
feature dipole-forbidden eigenmodes [58] with low damping
when being excited by the incidence of structured light [59].
First, we focus on comparable tetramer geometries to assess the
influence on geometric fidelity and possible ion-beam induced
material/substrate modifications on the plasmonic response by
measuring the bright optical modes [59]. The target geometry
for all fabrication techniques is a particle radius of 45 nm with a
gap size of 35 nm. This is the geometry that can reliably fabri-
cated by resist-based electron beam lithography on physically
sputtered gold layers (cf. Figure 7a). Later, we will assess the
ultimate resolution of He ion beam machining to minimize the

gap sizes.

The gold flakes of approx. 30 nm thickness were wet-chemical-
ly synthesized on glass [60] and transferred to the target sub-
strate via a PMMA-mediated method. On the target glass sub-
strate, a thin layer of gold was sputtered with two empty square
windows of 100 x 100 um? in size, where the flakes were
placed. The fabrication of the tetramer structures was carried
out using Ga ion beam milling only, or a combination of He ion
beam milling for the definition of the tetramer and Ga ion beam
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milling for the large-area removal of the surrounding gold.
Figure 7b,c depicts the corresponding scanning electron beam
micrographs. The limited image quality of the lithographically
defined tetramer is caused by the fact that the isolated struc-
tures are located on a glass substrate, leading to severe charging
effects. For Ga ion beam milling a current of 10 pA, a pitch of
3 nm and a dwell time of 1 us were employed in a two-step pat-
terning process. First, the surrounding gold was removed by
rectangular scanning of a square of several micrometers from
which a slightly larger tetramer shape was subtracted. Subse-
quently, the remaining tetramer was polished with ring shapes.
During He ion beam patterning, first, the tetramer was patterned
with a large outline of 40 nm thickness using an optimized low-
level beam path defined in FIB-o-mat (cf. Supporting Informa-
tion File 1, section “Challenges in the patterning of the plas-
monic tetramers”). The beam path had a curve off-set of
0.25 nm. The pitch was 0.25 nm around the tetramer and 0.5 nm
inside the tetramer. The dwell time was 5 ps, and the pattern
was repeated 12 times. The employed beam current was around
2 pA at an acceleration voltage of 30 kV and a BIV of 32 kV.
The second step was the removal of the surrounding gold with

Ga using again a shape obtained by a Boolean operation.

Figure 7 shows that shape distortions mainly occur for the litho-
graphically defined and the Ga FIB-fabricated tetramers. How-
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Figure 7: Coupled plasmonic antennas. (a—c) Scanning electron micrographs of gold tetramers on glass with a target geometry of 45 nm particle
radius and 35 nm gap width, fabricated by different techniques: (a) by electron beam lithography, (b) Ga ion beam machining, and (c) He ion beam
machining of the tetramer geometry and removal of surrounding gold by Ga FIB. The low image resolution in (a) is caused by the difficulties of
imaging isolated tetramers on a non-conductive glass substrate. (d—f) Normalized extinction (sum of scattering and absorption) of the tetramers. The
inset depicts the charge distribution of the excited plasmonic mode upon incidence of linearly polarized light.
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ever, also in the case of the He ion beam-patterned tetramers the
subsequent removal of gold using the Ga ion beam leads to
slight distortions that were not present before. This is caused by
the typical tails in the beam profile of a focused Ga ion beam
[19]. Optical investigation was carried out using visible-light
spectroscopy in a transmission spatial modulation setup. The
spatial displacement of the focus modulates the signal [61] and
the lock-in coupled detector provides an excellent signal-to-

noise ratio for individual small scatterers.

Figure 7d—f shows the extinction (sum of scattering and absorp-
tion) spectra corresponding to the tetramers in Figure 7a—c, re-
spectively. The extinction was measured for plane wave inci-
dent light of linear polarization. The polarization was chosen
along the x axis as depicted in Figure 7e. This configuration and
any other in-plane polarization excite the optically active E,,
mode of the tetramer [59]. The plasmonic resonance is signifi-
cantly broadened for the lithographically defined tetramer.
Interestingly, the highest Q factor (Q = wes/dw with the reso-
nance frequency Q = we and the resonance width dw) was
achieved for the tetramers obtained by pure Ga patterning, even
though the monomer shape is not perfectly round. Each mono-
mer acts as a small dipole in our measurement configuration
and its response is not very sensitive to its actual shape as long
as surface roughness does not increase the scattering losses.
Finite-difference time-domain modeling taking into account
the slightly varying geometries led to numerical Q factors of
Qnum = 3.3 for tetramers fabricated by EBL, Qum = 5.4 for Ga
FIB, and Qp,ym = 4.8 for He FIB. This is in reasonable agree-
ment with the experimental results.

The mutual coupling of the individual monomers, however,
strongly depends on the interparticle distance due to the evanes-
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cent decay of the plasmonic near field. Hence, a nanopatterning
approach that is able to realize sub-10 nm gaps in a repro-
ducible manner is highly desired. He ion beam milling already
demonstrated these capabilities in the fabrication of strongly
coupled dimers with gap distances of less than 6 nm [62-64]. In
all previous cases, the antenna shapes were pre-fabricated with
Ga ion beam milling or lithographic approaches and only
single-line cuts were performed with He ions to create dimer
antennas. Here, we prove the ultimate resolution capabilities for
the tetramer geometry with minimized gap sizes patterned in a
gold flake of about 40 nm thickness using He beam milling for
the complete antenna and not only for separating individual
parts of a pre-fabricated antenna. Figure 8a depicts the second-
ary electron HIM image of a tetramer patterned using a similar
low-level beam path as used for the tetramer in Figure 7c. As in
the example above, the beam path was optimized regarding
reduced heat damage and redeposition. However, the gap dis-
tance was defined by a single path between the monomers.
Most importantly, this resulted reliably in gap sizes between 3
and 4 nm when the gold surface was free of contaminants and
when optimum ion beam conditions were achieved. The me-
chanical He column adjustment was optimized such that almost
no electronic beam tilt or shift corrections were necessary and a
high spot control of 6 could be used for the 20 pm aperture at a
standard gas flux of 2e7® Torr. The thereby obtained beam cur-
rent reached values between 1.2 and 1.8 pA, depending on the
actually employed trimer.

However, this specific geometry results in large curvatures of
the path when approaching the gaps. The red arrows in
Figure 8a indicate regions of larger depth arising due to the
locally increased dose. Local dose correction was performed as
described in subsection 2 of “The FIB-o-mat toolbox” and

Figure 8: Optimized tetramer. Secondary electron He ion microscopy images of gold tetramers on glass with minimized gaps after certain steps of op-
timization. (a) The gap size was defined by a single line resulting in gap sizes of only 3 nm. The high-curvature regions cause an increased milling
depth marked by red arrows. (b) After local dose correction, these trenches disappeared. (c) The close-up of (b) proves the remarkable high pattern
fidelity with a gap size of about 3 nm.
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enabled uniform milling down to the glass substrate. It has to be
mentioned that the actual results of the patterning of thin gold
flakes on glass varied strongly, depending on the cleanliness of
substrate and gold flake (cf. Supporting Information File 1,
section “Challenges in the patterning of the plasmonic
tetramers”). Nevertheless, we show here, for the first time,
high-fidelity patterning of plasmonic nanostructures with
geometrical details as small as 3 nm. This is mainly achieved by
defining a contour-parallel and dwell time-optimized beam path
using FIB-o-mat. To the best of our knowledge, such geometry-
adapted beam paths cannot be created by current patterning
software provided by the instrument manufacturers. Further-
more, FIB-o-mat enables the rapid generation of different
patterns with varying path geometries, local dwell times and
pitches, as well as number of repetitions allowing for efficient

patterning iteration and optimization.

Conclusions and Outlook

He ion beam machining offers exciting prospects for the fabri-
cation of devices from two-dimensional and quasi two-dimen-
sional materials. The extremely small spot size, large depth of
field, and high stability render the He ion beam ideal for auto-
mated high-fidelity patterning in cases where low sputter rates
are negligible. This holds especially true for two-dimensional
materials where only small amounts of material have to be re-
moved while guaranteeing highest patterning precision. Since
He ion microscopy is a relatively new technique, its full poten-
tial still has to be exploited. Here, we contributed in developing
the advanced pattern creation toolbox FIB-o-mat [18]. FIB-o-
mat has a Python interface and a fully documented modular
structure, such that it is easy to use and easy to extend. In its
current version, it provides high-level pattern creation, low-
level beam path generation, as well as optimization and automa-
tion tools for He ion beam machining. The aim is to extend
FIB-o-mat such that the tools can be used with microscopes of
any manufacturer, covering ion beam machining with a variety
of ions.

For the efficient use of FIB-o-mat, the following workflow may
be employed: (i) Define the geometry to be patterned. (ii)
Define the beam path such that it follows the edges of the ge-
ometry, for example, by using the curve off-setting tool where
required. (iii) Define a rasterization strategy in a way that arti-
facts, such as redeposition and other beam-induced effects, are
minimized. (iv) When long patterning durations are necessary,
vary the raster parameters (and/or increase the beam current).
(v) In the case of curvatures in the beam path, use the local dose
optimization to achieve a uniform target depth.

To demonstrate the capabilities of FIB-o-mat, three different 2D

material systems were patterned. Multilayers of Co/Pt were
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modified regarding their local magnetic response without
changing their topography. Suspended single-layer graphene
was cut into trampoline-shaped mechanical resonators, and
single-crystalline gold was patterned into coupled plasmonic
antennas. In the former two cases, the ease to vary the geome-
try and patterning parameters in an automated way greatly facil-
itated both the systematic patterning optimization and a detailed
analysis of the device properties. While these two cases pattern
creation and automation can, in principle, be carried out using
the software of the microscope manufacturer, it is impossible to
create the adapted beam path for the tetramer geometry by any
commercial patterning software. The realized minimum gap
size of 3 nm for a gold thickness around 40 nm and the perfect
spherical shapes of the monomer discs are not obtainable with-
out beam path optimization, nor can they be obtained by any
other fabrication technique. Hence, the low-level approach in
FIB-o-mat provides the necessary functionalities to unlock the
ultimate performance of He ion microscopy.

Supporting Information

Supporting Information File 1

Additional experimental data.

[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-25-S1.pdf]
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The helium ion microscope has emerged as a multifaceted instrument enabling a broad range of applications beyond imaging in

which the finely focused helium ion beam is used for a variety of defect engineering, ion implantation, and nanofabrication tasks.

Operation of the ion source with neon has extended the reach of this technology even further. This paper reviews the materials mod-

ification research that has been enabled by the helium ion microscope since its commercialization in 2007, ranging from funda-

mental studies of beam—sample effects, to the prototyping of new devices with features in the sub-10 nm domain.

Introduction

Since the helium ion microscope (HIM) was introduced
15 years ago [1-3], over one hundred HIMs have been installed
worldwide and over one thousand research papers enabled by
the HIM have been published. True to its classification as a
microscope, and indeed its originally intended purpose, the
HIM is widely used for microscopy. The microscopy function-
ality is primarily based on the detection of the secondary elec-
trons that are generated by the finely focused ion beam as it is
scanned across the sample. Compared with the scanning elec-
tron microscope (SEM), the HIM offers enhanced surface sensi-
tivity, greater topographic contrast, and a larger depth of field

[4,5]. A charge-neutralization system based on flooding the

scanned region with low-energy electrons also permits high-
quality imaging of electrically insulating materials, such as bio-
logical samples, thus avoiding the need for conductive coatings
that can introduce artifacts and obscure nanoscale surface fea-
tures [6,7]. Through extension of the technology to enable oper-
ation of the ion source with neon, sputtering at higher rates is
made possible while retaining a small probe size. This has also
opened the door to in situ materials analysis in the HIM using
secondary ion mass spectrometry [8]. Further forms of materi-
als analysis using the HIM include techniques based on the

collection of backscattered helium ions and ionoluminescence

[5].
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Beyond microscopy and microanalysis, the HIM is also widely
employed for materials processing, using the focused ion beam
to intentionally modify the sample in some way. These opera-
tions essentially fall into two categories: At lower ion doses,
various irradiation effects, such as defect formation and ion
implantation, are used to locally change the properties of the
material, and at higher doses, nanofabrication is performed
using localized material removal (by sputtering) or addition (by
gas-assisted deposition). Sometimes, lower-dose irradiation
effects also lead to a nanofabrication outcome. For example,
localized swelling by ion implantation can be used to pattern
nanoscale surface topographies, ion-induced collisional mixing
can restructure buried interfaces, and ion-induced chemical
changes can be used for resist-based lithography. In the
following, the field of materials modification research using the
HIM is reviewed, subdivided into the following areas: 1. defect
engineering, 2. ion implantation, 3. irradiation-induced restruc-
turing, 4. resist-based lithography, 5. direct-write lithography/
milling (including gas-assisted milling), and 6. gas-assisted
deposition. Each topic is illustrated using a series of research
highlights from the literature. In many cases, a particular appli-
cation draws on the effects of more than one of the above areas,
which is also discussed. At the root of all of these applications
are the unique characteristics of the beam and its interaction
with the sample. A quick recap of these details will be given
first.

The intention of this review is to present the foundations and to
summarize the state of the art. The list of referenced works is
certainly not exhaustive in this extensive and rapidly evolving
field. For previous reviews, the reader is referred to [9-13].

Key features of the beam and the

beam—sample interaction

The enabling foundation of all HIM applications, from imaging
to nanofabrication, comes down to the unique characteristics of
the beam and its interaction with the sample. The HIM ion
beam is generated by a highly specialized gas field-ionization
source (GFIS), comprising a tungsten needle with a three-sided
pyramidal tip that is atomically sharp. The tip is held at high
voltage and helium (or neon) gas is supplied to the source
chamber. Ionization in the high-field region of the tip apex
forms the positively charged ions that are extracted and
delivered to the sample via the ion optical column (Figure 1a).
Generally, the source is configured to run in the stable
configuration of just three atoms at the tip apex (named the
trimer), generating three beamlets. Via appropriate beam align-
ment and aperture selection, the emission from a single atom is
selected. Since the source is atomically sharp, the virtual source
size is exceptionally small and the source brightness is excep-

tionally high. With a small intrinsic energy spread of the helium
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ions of less than 1 eV, chromatic aberration effects are mini-
mized, and with a de Broglie wavelength of just 0.08 pm,
diffraction effects do not appreciably limit the ultimate beam
size. Beam spot sizes on the sample down to 0.5 nm in diame-
ter in the case of helium, and 2 nm for neon, are routinely ob-
tained. For detailed discussions of the unique source character-
istics of the HIM and its beam optics the reader is referred to
[5,14].

In addition to the small probe size, the interaction volume of the
helium ions (beam energy of typically 10-30 keV) is also char-
acteristically narrow, especially over the first 100 nm or so in
depth in the material (see Figure 1b). This means that defect
creation, implantation, sputtering, and deposition can all be very
localized. Correspondingly, the secondary electrons that are
generated (escape depth of a few nanometers) emanate from an
area not that much larger than the original impact area of the
beam. These characteristics, together with a low yield of
backscattered ions and therefore a very small amount of second-
generation secondary electrons, enable high-resolution resist-
based lithography and high-resolution ion beam-induced depo-
sition with dramatically reduced proximity effects. In the case
of neon (also shown in Figure 1b), there is more scattering close
to the surface, but the advantage for milling is a sputter yield
that is about two orders of magnitude higher than that of helium

at the same beam energy [17].

Early HIM work by Livengood et al. investigated the interac-
tion volume and resulting modification of the sample for helium
ions impinging on bulk silicon and copper targets providing key
insights into the beam—sample interaction [16]. Dose series
were conducted and the interaction volumes directly visualized
by preparing cross sections by gallium focused ion beam
milling that were inspected by transmission electron microsco-
py (TEM). In this way, the microstructural effect of increasing
the helium ion-induced defect density was probed, and
threshold doses for a series of structural changes, such as amor-
phization and subsurface swelling, were established (Figure 1c).
The motivation for this study at the time was to investigate the
invasiveness of the helium ion beam with respect to nanofabri-
cation tasks in the semiconductor industry. Yet, the impact of
this work has been far-reaching, providing a valuable bench-
mark for a range of applications focused on either purposefully
creating, or avoiding, varying degrees of disorder in a material.
In the following, a range of applications based on these irradia-
tion effects is described, starting with defect engineering studies
at the lowest doses and then moving through higher-dose appli-
cations. The final applications using the highest doses (many
orders of magnitude higher than the largest dose shown in
Figure 1c) are milling and gas-assisted ion beam-induced depo-

sition.
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Figure 1: (a) Schematic diagram of the helium ion microscope. Adapted with permission from Cambridge University Press, [2], Morgan et al., An Intro-
duction to the Helium lon Microscope, Microscopy Today, 14(4), 24-31. Copyright 2006 Microscopy Society of America. (b) Simulated interaction
volumes for 30 keV helium and neon ions incident on a silicon sample with sputter yield (SY) given for each case. Adapted with permission from [15].
Copyright 2010 American Vacuum Society. (c) Defect density versus dose for helium ions incident on bulk silicon and copper highlighting the
threshold doses for various types of subsurface effects. Adapted with permission from [16]. Copyright 2009 American Vacuum Society. This content is

not subject to CC BY 4.0.

Review

1 Defect engineering

The use of the HIM as a source of localized helium ion irradia-
tion with which to tune material properties through the intro-
duction of lattice defects has been demonstrated in a variety of
nanoengineering applications. The generation of vacancies,
preferential sputtering of one atomic species over another, and
the introduction of increasing amounts of disorder leading to
eventual amorphization of a crystalline material are all dials to
turn. The properties engineered span electronic, magnetic,
optical, chemical, and thermal properties. In the case of 2D and
thin-film materials supported on a substrate, defects induced by
backscattered ions and sputtered atoms also need to be consid-
ered. A recent computational analysis of these substrate effects

can be found in [18].

Electrical and electronic properties
The majority of defect engineering studies using the HIM have
focused on tuning electrical conductivity. First work in this area
concentrated on graphene, seeking to locally modulate its 2D
electronic structure through site-selective irradiation, rather than
through chemical functionalization of its surface. Nakaharai et
al. irradiated supported single-layer graphene with 30 keV
helium ions increasing the dose from ca. 2 x 1019 to 1 x 1019
ions/cm? (corresponding to an estimated vacancy defect con-
centration of 0.2-1.3%) and, within this dose range, measured a
metal—insulator transition [19]. Raman analysis showed that
even at the highest dose (i.e., for strongly insulating graphene),
the crystal lattice structure of the graphene sheet was essen-
tially preserved. A subsequent study by Moktadir et al. investi-
gated the nature of the ion-induced defects further, and deter-
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mined that after irradiation, the ion-induced vacancies become
saturated with oxygen [20]. The authors of the latter thus pro-
posed that the mechanism behind the irradiation-induced insu-
lating behavior involved oxygen groups acting as charge traps
that pin the Fermi level at the Dirac point.

Later conductivity tuning of graphene went on to combine this
irradiation-induced effect with the fine patterning capabilities of
the HIM performing line irradiations across graphene with
varying step sizes between dwell points [21]. This produced
continuously irradiated lines in the one extreme, and lines com-
prising a chain of separated points in the other. Conductivity
analysis of these samples showed that in addition to the total
dose, the scan strategy (which controls the uniformity of the
dose and hence the uniformity of the resulting defects) can also
be used to tune the local conductivity. A further study demon-
strating the importance of factors other than the total dose in-
vestigated the effect of the size of the irradiated area [22].
Regions of monolayer graphene (again, supported) were irradi-
ated using pattern shapes of different sizes, exploring lateral
dimensions down to 10 nm, but all for the same total dose. It
was found that the conductivities of the irradiated areas
depended strongly on their geometrical size; for smaller areas,
the same degree of insulating behavior as for the larger areas
could not be achieved, even though the defect density was the
same. The authors described a hopping carrier transport model
to explain the effect and pointed out that the observed behavior
essentially places a limit on the spatial resolution attainable
when using the helium ion beam to selectively dose and thus
change the conductivity of nanoscale regions. Several other
studies of selective helium ion-induced conductivity changes in
graphene have also been conducted [23] and a theoretical treat-
ment of defect-induced conductivity changes upon helium ion
irradiation of free-standing compared to supported monolayer
graphene can be found in [24].

Various 2D transition metal dichalcogenides have also been the
subject of conductivity-tuning studies in the HIM. For example,
Fox et al. showed that site-selective helium ion irradiation,
introducing point defects and local disorder, transformed
targeted regions of a supported pristine few-layer MoS;
flake from semiconducting to insulating at a dose of ca.
1 x 1013 ions/cm? [25]. The dose-versus-resistivity plot from
this work is shown in Figure 2a. Upon increasing the dose to ca.
1 x 10'7 jons/cm?, the material became amorphous, and the
conductivity behavior changed to metallic. This was attributed
to preferential sputtering of sulfur, increasing the relative
amount of molybdenum in the material. Finally, at even higher
doses, insulating behavior re-emerged, presumed to be due to
excessive material removal by sputtering. In related work, a

nearest-neighbor hopping mechanism mediated by the forma-
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tion of extended metallic edge states in the defective lattice was
proposed for the pseudometallic regime [26]. Line irradiation
with helium ions bisecting a monolayer MoS, flake has been
shown to create a defective channel that can be used to fabri-
cate a 2D memristive device [27]. And in a subsequent study,
field-effect transistors based on monolayer MoS, were irradi-
ated with helium ions over the transistor channel and the effect
of varying the size and position of the irradiated area on the

electrical performance of the device was characterized [28].

Complimentary work on few-layer WSe, by Stanford et al. also
observed semiconductor—insulator—metal transitions for increas-
ing dose, noting preferential sputtering of selenium [29]. Here it
was found that for a given dose, hole transport was degraded
more than electron transport. The authors went on to demon-
strate a lateral p—n-like homojunction by irradiating just one
side of a portion of WSe, bridging two metal contacts to create
semiconducting (pristine) and insulating (irradiated) halves
contacted by the source and drain electrodes (Figure 2b).
Direct-write of further logic circuits into single flakes of WSe;
and WS, has also been demonstrated [26]. In addition, density
functional theory has been used to model the effect of ion-in-
duced defects on the electronic band structure of various 2D
transition metal dichalcogenides [26,30,36], and band-excita-
tion Kelvin probe microscopy has been used to probe the result-
ing changes in the local work function [30]. In several of these
works, high-resolution scanning TEM (STEM) imaging has
been performed to enable the analysis of the defects created on
the atomic scale [26,29,30] (see, e.g., Figure 2c).

Apart from 2D materials, thin-film samples have also been
the subject of electronic property tuning by localized helium
ion irradiation. For example, using a helium ion dose of
5 x 104 jons/cm?, permanent local tuning of the charge density
in an amorphous thin film of the semiconductor indium gallium
zinc oxide (film thickness 50 nm) has been demonstrated,
thereby enabling activation of the electronic conduction proper-
ties of the material without needing to rely on thermal activa-
tion [37].

And finally in the category of electronic applications, a number
of studies have used the HIM to direct-write Josephson tunnel
junctions into thin films of high-transition-temperature super-
conductors. This was first demonstrated by Cybart et al. for the
cuprate superconductor YBa;Cu3zO07_5 (YBCO), by scanning
the helium ion beam in line mode across 4 um wide strips of
YBCO that had been locally pre-thinned to a thickness of 30 nm
using argon ion milling [31]. Due to the high-resolution writing
capability of the HIM, junction barriers of width 1-2 nm were
created, that is, narrow enough for the tunneling current to prop-

agate. An overview of the sample and a schematic outlining the
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Figure 2: Defect engineering using the HIM. (a) Plot of resistivity versus dose for helium ion-irradiated MoS; (few-layer) showing multiple phase tran-
sitions: semiconducting (S), insulating (I), metallic (M). Reprinted with permission from [25]. Copyright 2015 American Chemical Society. (b) Elec-
tronic homojunction in few-layer WSe, created by site-selective helium ion irradiation: colorized Raman map on the right with optical micrograph of the
device shown top left. Adapted from [29]. Copyright 2016 Stanford et al., licensed under a Creative Commons Attribution 4.0 International License,
http://creativecommons.org/licenses/by/4.0/. (c) STEM-based analysis of atomic defects in single-layer MoSes created by helium ion irradiation.
Adapted from [30]. Copyright 2016 Iberi et al., licensed under a Creative Commons Attribution 4.0 International License, http://creativecommons.org/
licenses/by/4.0/. (d) Fabrication of Josephson junctions in a thin-film high-temperature superconductor by helium line irradiation: YBCO-based device
with gold contacts (left) and schematic showing the irradiation approach (right). Adapted by permission from Springer Nature, [31], Nature Nanotech-
nology, Nano Josephson superconducting tunnel junctions in YBa>Cu3O7_g directly patterned with a focused helium ion beam, Cybart et al. Copy-
right 2015 Nature Publishing Group. (e) Magnetic force microscopy of a nanoscale array of discs with reduced magnetic anisotropy patterned into a
Co/Pt multilayer: concentric helium ion irradiation scheme for each disc shown inset. Adapted from [32]. Copyright 2019 Sapozhnikov et al., licensed
under a Creative Commons Attribution 4.0 International License, https:/creativecommons.org/licenses/by/4.0/. (f) Multilevel ferroelectric switching of
nanostructures fabricated by helium ion irradiation of a PbZrg »Tig gO3 thin film using concentric patterns with variable dose. Adapted with permission
from [33]. Copyright 2018 by the American Physical Society. (g) Site-selective formation of optically active defects in MoSy: photoluminescence (PL)
map of an array created by localized helium ion irradiation (100 x 100 nm fields, pitch 2 pm) and corresponding PL spectra for regions marked with
the colored circles. Adapted from [34]. Copyright 2019 Klein et al., licensed under a Creative Commons Attribution 4.0 International License, http://
creativecommons.org/licenses/by/4.0/. (h) Demonstration of a microscale thermal cloak using helium ion irradiation to site-selectively tune the ther-
mal conductivity of a suspended silicon membrane: schematic of device (top left), (i) optical image showing irradiated regions (darker contrast),

(ii) corresponding heat flux map, (iii) TEM analysis of pristine silicon, (iv) TEM analysis of an irradiated region. Adapted with permission from [35].
Copyright 2019 American Chemical Society. The content of (a), (d), (f) and (h) is not subject to CC BY 4.0.

irradiation approach are shown in Figure 2d. The electronic  tunnel junctions with barriers exhibiting normal-metal and insu-
properties of the junction barrier can be continuously tuned by  lator behavior, respectively, were obtained. Similarly, the fabri-
varying the irradiation dose, and the authors showed that by cation of superconducting quantum interference devices
using irradiation doses of 2 x 1016 and 6 x 100 jions/cm?, (SQUIDs) was demonstrated, using the helium line irradiation
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method to direct-write metallic and insulating Josephson junc-
tions into pre-fabricated YBCO circuits [38].

By increasing the helium ion dose further, to the order of
107 jons/cm?, highly resistive (amorphous) regions can be
patterned into the YBCO thin film and thus be used to define
precise sample geometries, without material removal. For ex-
ample, high-dose irradiation over larger areas leaving a narrow
gap in between has been used to define YBCO nanowires,
which were then line-irradiated at lower dose to form nanowire-
based Josephson junctions [39]. Similar multi-step irradiation
routines have been used to fabricate SQUID micromagnetome-
ters entirely using helium ion irradiation [40-43], nano-SQUID-
based transimpedance amplifiers [44], and Josephson junctions
in the superconducting bridge of spiral terahertz antenna struc-
tures [45]. The performance of Josephson junctions in YBCO
thin films fabricated using the HIM has been further evaluated
in [46].

Cross-sectional STEM analysis of helium line irradiations
of YBCO has shown that the crystallinity of the Josephson
junction barriers is essentially preserved, highlighting the
high sensitivity of the electronic transport properties of
YBCO to point defects introduced into the lattice [43]. The
same study also confirmed that minimal lateral scatter of the
ions in the YBCO thin film occurs; even at the higher doses
used to induce amorphisity, the irradiated channels remain
narrow and confined. In contrast, in a study based on another
cuprate-based superconductor, Laj g4Srg 16CuOy4 (LSCO),
it was found that significantly higher doses (10'8 ions/cm?)
were necessary to induce resistive behavior [47], that is, an
order of magnitude higher than the respective dose for
YBCO. Moreover, significant lateral scatter of the helium
ions in the LSCO thin film was observed, even for the lower
doses, exacerbated by ion backscatter from the substrate
interface. However, in the case of another high-temperature
superconductor, MgB,, the creation of high-quality
Josephson junctions by the HIM method has again been demon-
strated [48].

Ferromagnetic properties

The first demonstration of defect engineering using the
HIM was actually for a magnetic device by Franken and
co-authors [49]. In this work, ferromagnetic microstrips com-
prising Pt(4 nm)/Co(0.6 nm)/Pt(2 nm) layers on an SiO,/Si sub-
strate were irradiated on one half with 25 keV helium ions. It
was found that at a dose of 2 x 105 jons/cm? a domain wall
could be injected into the structure due to the introduction of
lattice defects that locally reduced the perpendicular magnetic
anisotropy. By raising the dose slightly to 3 x 10! ions/cm?,

the domain walls could then be pinned in a highly reproducible
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manner. The same publication compared these results with
those obtained using gallium ion irradiation and found that
domain wall pinning was more pronounced in the helium ion
case. This was attributed to the higher resolution capability of
the helium ion beam enabling the creation of a sharper energy
barrier at the domain wall.

Later work in this area employed similar helium ion doses
(1-4 x 10" ions/cm?) to locally reduce the perpendicular mag-
netic anisotropy in a Co/Pt multilayered thin film [50]. Here,
patterns comprising an arrangement of discs of 100 nm diame-
ter with a pitch of 200 nm were irradiated, demonstrating the
capability of the focused helium ion beam method to achieve
magnetic property engineering in the form of a nanoscale peri-
odic array. In follow-up work, consistent magnetization reversal
for all disks was achieved by inhomogeneous irradiation using a
concentric pattern with a higher dose on the outside, rather than
using homogeneous irradiation [32] (Figure 2e). Nanoscale
magnetic patterning of Co/Pt multilayers using a checkerboard
helium ion irradiation pattern has also recently been demon-
strated [51]. Furthermore, tuning of the metamagnetic transi-
tion temperature of an FeRh thin film (from antiferromagnetic
to ferromagnetic behavior) has been achieved by varying the
helium ion dose from 1 x 1014 to 5 x 1013 ions/cmz, with the
patterning of features down to 25 nm in size [52].

In a study implementing doses up to 1 x 10!7 ions/cm?, stripe
patterns were irradiated onto a magnetic thin film structure (this
time comprising a ferro- and an antiferromagnetic layer) [53].
The reason for using the higher doses was to investigate the
effect of helium implantation and subsequent swelling of the
layers and the underlying substrate on the magnetic modifica-
tion obtained. It was found that helium ion bombardment influ-
enced the magnetic anisotropy in both layers of the structure,
strongly reducing the saturation magnetization of the layer
system. Moreover, the behavior observed correlated with both
the introduction of lattice vacancy defects, and with an increase
in the average interatomic distances due to swelling, that is, a
magnetovolume effect. And in a recent report implementing in
situ current—voltage characterization, site-selective helium ion
irradiation of cobalt-based magnetic multilayer structures has
been used to modulate the local magnetic anisotropy, with
multilevel switching achieved [54].

The neon ion beam of the HIM has also been used to tailor
magnetic properties. The heavier ions were used to introduce
chemical disorder into the target lattice through the local dis-
placement of atoms in the collision cascade to create individual
ferromagnetic domains in a previously non-ferromagnetic mate-
rial [55]. In the cited work, Roder et al. used this phenomenon

of disorder-induced ferromagnetism, together with the small
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probe size of the neon ion beam, to directly write nanomagnets
into a chemically ordered non-ferromagnetic FeggAly precur-

sor film.

Ferroelectric properties

Similar to the magnetic anisotropy experiments described
above, helium ion irradiation using the HIM has also been used
to locally modify ferroelectric properties. For example, pinning
of ferroelectric domains in PbZr( »Tij gO3 thin films at doses of
0.22 x 1015 to 1 x 105 jons/cm? has been demonstrated, and
through site-selective direct-write patterning with variable dose,
various nanostructures with novel ferroelectric-switching func-
tionalities have been fabricated [33] (Figure 2f). Using similar
doses, out-of-plane piezoelectricity has been patterned into
multilayered MoTe, [56]. In the case of helium ion irradiation
of a bulk van der Waals layered ferroelectric semiconductor
crystal (CulnP,Sg), local volume expansion due to helium ion
implantation was observed, forming a conical surface topogra-
phy within which for increasing dose the ferroelectric domains
were gradually destroyed [57].

Optical properties

In early work concerned with tuning optical properties with the
HIM, arrays of nitrogen-vacancy centers were fabricated in
diamond [58,59]. Starting with a diamond sample that already
contained substitutional nitrogen, the focused helium ion beam
was used to create lattice vacancies at predefined locations (in a
similar manner to the related electron beam-based methods).
After annealing to allow for diffusion of the vacancies, the pres-
ence of nitrogen-vacancy centers was confirmed by photolumi-
nescence. Conversely, helium ion irradiation of another materi-
al, silicon nitride, in the HIM was found to reduce its fluores-
cence [60]. This was attributed to ion beam-induced disruption
of the optically active defects present in the material. In the
cited work, the effect was used to locally reduce the fluores-
cence of patches of a silicon nitride membrane that were subse-
quently perforated by helium ion beam milling to create solid-
state nanopores for biomolecule detection. Following this ap-
proach, a low fluorescence background was achieved, facili-
tating the translocation detection of fluorescently labeled bio-
molecules by optical means, as opposed to having to rely on the
conventional ionic current method. Nanopore fabrication using
the HIM is discussed in more detail in Section 5.

The HIM has also been used to tune the optical properties of
quantum well structures [61]. In this work, epitaxially grown
InGaAs/GaAs single quantum well structures were patterned
with sets of stripes to emulate a grating structure, using doses of
less than 10'2 ions/cm?. The result was a periodic spatial modu-
lation of the excitonic resonance of the quantum well perpen-

dicular to the buried quantum well layer. Since the doses were
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so low, the change in optical properties was attributed to the
local accumulation of defects (as opposed to collisional phase
mixing). In a plasmonic application, resonant triangular nano-
structures were created in a graphene sheet supported on SiO,/
Si by selectively irradiating the graphene in the regions around
the intended structures (note, the graphene was not milled
away) [62]. Tuning of the resonant behavior of the nanostruc-

tures was demonstrated by adjusting the irradiation dose.

Closely related to the electronic property tuning of 2D transi-
tion metal dichalcogenides described earlier, irradiation-in-
duced changes in the optical response of this class of materials
has also been investigated using the HIM. This was first per-
formed for few-layer WSe, [29] and monolayer MoSe, [30]
(for the latter, changes in nanomechanical properties were also
probed). In subsequent work on monolayer MoS, by Klein et
al., the effects of ion dose on the optical and valleytronic prop-
erties of the material were investigated [36]. In this study,
Raman spectroscopy was used to systematically probe the effect
of increasing disorder for increasing irradiation dose, and the
corresponding distance between the ion-induced defects for
each dose level was inferred. At lower doses, a redshift in
disorder-related photoluminesce peaks was observed, attributed
to chemisorption at monosulfur vacancies, whereas for doses
higher than 10'# ions/cm?, a strong reduction in all photolumi-
nescence peaks occurred, corresponding to high levels of
disorder in the crystal. Up to this critical dose, it was shown that
the valley polarization properties of the material were preserved
(indicating that the electronic band structure of the semiconduc-
tor was largely unaffected). Only for high levels of disorder
introduced into the system was the band structure degraded.
Based on these results, the authors determined a critical dose for
nanostructuring MoS; below which the optical and valleytronic
properties of the material are conserved. In subsequent work,
the formation of arrays of optically active defects in monolayer
MoS, was demonstrated, using localized helium ion irradiation
followed by encapsulation in hBN in order to enhance the
optical quality of the defect states [34]. Results from this study
are shown in Figure 2g. A recent study of the effect of helium
ion-induced disorder on the Raman modes and photolumin-
scence behavior of bilayer MoS, can be found in [63].

Chemical properties

Local helium ion irradiation has also been shown to modify the
chemical properties of a material, for example, chemical etch
rates. In HIM studies by Petrov et al. irradiating silicon nitride
[64,65] and silicon dioxide [66,67] with 10'°-10'® jons/cm?,
the rate of subsequent wet-etching of the irradiated regions with
hydrofluoric acid was found to increase by up to a factor of
three (for Si3Ny4) and five (for SiO,). The change was attributed

to ion-induced defects and demonstrates another potential form
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of HIM-enabled nanofabrication, namely site-specific ion-en-
hanced etching with high spatial resolution. Similarly, site-
selective etching of MoS; has been demonstrated using helium
ion irradiation to create defective regions that become activated
for oxygen adsorption and subsequent oxidative etching when
heated in air [68].

Helium ion irradiation in the HIM, this time using a defocused
beam to irradiate larger areas, has also been used to generate
defects in exfoliated flakes of molybdenum dichalcogenides
(MoS; and MoSe;) to activate the catalytic activity of the basal
planes of the crystal for hydrogen evolution reactions [69].

Thermal properties

Further defect engineering studies using the HIM have been
concerned with tuning the thermal properties of materials. The
first example of this demonstrated site-selective engineering of
thermal conductivity along the length of individual nanowires
[70]. Here, Zhao et al. irradiated discrete sections of free-
standing crystalline silicon nanowires of 160 nm diameter to a
series of target doses. It was found that a dramatic decrease in
thermal conductivity occurred already at relatively low doses,
corresponding to point defect concentrations of only a few
percent. This result indicated a strong phonon scattering effect
from the few point defects introduced. For higher doses above
ca. 2 x 100 jons/cm2, complete amorphization of the material
occurred, although it was noted that the overall morphology of
the structure was unaffected. This ability to locally tune the
thermal conductivity by selective helium ion irradiation has
since been used to manipulate heat flow in suspended crys-
talline silicon membranes, patterning concentric circles at vari-
able dose to demonstrate a microscale thermal cloak [35]
(Figure 2h).

In a subsequent study by Jin et al., dose-controlled localized
helium ion irradiation has been used to introduce lattice defects
into VO, nanowires with which to control the conduction mech-
anisms of thermal and electrical transport in this material [71].
By performing a dose series and measuring the thermal and
electrical conductivities of helium ion-irradiated VO, around its
insulator—metal transition temperature, a fundamental study of
the contradictorily low electronic thermal conductivity of VO,
in the metallic regime was enabled. Similarly, Bi,Tes nanorib-
bons have been irradiated with helium ions in order to defect-
tune conduction mechanisms and study the anomalously high

electronic thermal conductivity of this material [72].

Additional defect engineering studies
Defect formation in supported and free-standing multiwalled
carbon nanotubes upon irradiation with both 25 keV helium and

neon ions has also been investigated, since ion (and electron) ir-
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radiation can be used to modify the mechanical, electronic, and
magnetic properties of these materials [73]. In this work, the
focus was on characterizing the accumulation of defects and
structural changes for increasing dose, using correlative Raman
spectroscopy and TEM. The effect of sample thinning due to
sputtering on the overall damage evolution process was also
noted.

2 lon implantation

Helium ion implantation and the associated structural changes
to a material are often unwanted, with measures taken to avoid
these effects. However, the HIM also offers a unique opportuni-
ty for fundamental studies of helium ion implantation phenome-
na (such as the formation of helium nanobubbles and blisters),
as well as the opportunity to leverage these phenomena for
practical applications. Using the HIM, individual grains/inter-
faces/regions of interest can be irradiated with a known dose of
ions for systematic studies on the nanoscale. This brings certain
advantages compared with the traditionally used large-scale ex-
periments. For example, although experiments using ion accel-
erators and plasma ion sources enable investigations over a
wide range of beam energies and give the experimenter much
freedom in terms of sample environment, the beam spot sizes
are large (typically hundreds of micrometers), preventing study
of the irradiation response of individual micro- and nanoscale
features. In addition, the large-scale experiments are much less
controlled in terms of dose, whereas with the HIM, systematic
repeatable studies over many samples can be performed. In fact,
at doses below the threshold for nanobubble formation, the
introduction of helium atoms into interstitial sites can be used to
delicately induce strain into a crystal lattice, which can be lever-
aged for strain engineering. And at higher doses, localized and
controlled surface swelling can be used to create 3D structures
from an initially flat substrate, that is, ion implantation using the
HIM can also be used for nanofabrication.

Strain engineering

When helium ions are implanted into a crystal lattice they insert
as atoms into interstitial sites, and due to their chemical inert-
ness, do not react with the material. This interstitial placement
induces strain into the lattice and hence offers a method for
so-called strain engineering of a range of physical properties.
Very recently, ion implantation using the HIM has been investi-
gated for this purpose, demonstrating the patterning of out-of-
plane strain into epitaxial thin films of bismuth ferrite [74]. In
this work, Toulouse et al. showed that by continuously varying
the dose, continuous elongation of the unit cell in the out-of-
plane direction could be achieved, thus enabling fine control
over the strain induced. Future work in this direction using the
high-resolution patterning capabilities of the HIM for highly

tunable strain engineering on the nanoscale is to be expected.
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Related to this are the ion implantation-induced membrane
folding studies discussed at the end of Section 3.

Helium nanobubbles and blisters

At higher doses, the vacancies and interstitials that form in a
crystalline material upon helium ion irradiation can diffuse and
combine to form helium nanobubbles. And upon increasing the
irradiation dose further, nanobubbles can coalesce to form
larger cavities. Eventual rupture of cavities formed in near-sur-
face regions can then lead to surface blistering. These phenome-
nona have been known and investigated for several decades. In
early HIM studies on the subsurface effects of helium ions on
bulk silicon and copper targets by Livengood et al., the forma-
tion of nanobubbles and larger subsurface voids was indeed also
observed [16]. Threshold doses for the formation of a subsur-
face dislocation band, for the onset of amorphization, and for
the formation of nanobubbles and larger voids, were estab-
lished (as shown earlier in Figure 1c). Tan et al. performed

a

2 x 10% ions/nm
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detailed TEM cross-sectional analysis of the implantation
profiles from line exposures [75] (Figure 3a). A recent exten-
sion of this work has been reported by Li et al. [76], which
includes strain field analysis (Figure 3b) and a survey of bubble
size distributions. In work using a gold target, Veligura et al. in-
vestigated the effect of varying the beam energy on the subsur-
face damage process [77]. For high-dose implantation at high
beam energies (35 keV), blister formation was observed, as in
[16]. This is explained by the formation and accumulation of
helium nanobubbles beneath the surface that cannot escape, and
which coalesce to form a subsurface cavity (blister). However,
at lower beam energies (15 keV), the authors observed that the
helium nanobubbles formed closer to the surface, creating a
porous structure via which helium can then escape and blister
formation is avoided [77].

A further interesting effect of helium ion irradiation of crys-
talline materials under certain conditions is the formation of a

He bubbles

20 nm

(i), /

(lil)llc

Figure 3: Effects of helium ion implantation studied with the HIM. (a) TEM cross-section analysis of the implant profile of 35 keV helium ions (line

scan) in silicon for a dose above the amorphization threshold (the bright teardrop-shaped volume is the amorphized region). Adapted with permission
from [75]. Copyright 2014 American Vacuum Society. (b) STEM image of a silicon crystal irradiated with helium ions in line-scan mode (left) with cor-
responding strain field analysis (right). Adapted with permission from [76]. Copyright 2019 American Vacuum Society. (¢) Helium gas-bubble superlat-
tice formed in copper: TEM image showing helium nanobubbles (bright contrast) with corresponding fast Fourier transform; schematic outlining the
implantation principle from opposite sides of a flipped nanopillar shown inset. Adapted from [78]. Copyright © 2016 Acta Materialia Inc. Published by
Elsevier Ltd. [78] is an open access article under a Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/
4.0/). (d) HIM image of helium blisters formed on tungsten (left) and STEM cross-section analysis of a single blister (right). Adapted from [84], Scripta
Materialia, 178, Allen et al., Key mechanistic features of swelling and blistering of helium-ion-irradiated tungsten, 256-260, Copyright (2019) Acta
Materialia Inc., with permission from Elsevier. (e) Helium nanoscale tumefaction to create raised lines and pyramid/cone structures in silicon. Adapted
from [94], Zhang et al., Direct-write three-dimensional nanofabrication of nanopyramids and nanocones on Si by nanotumefaction using a helium ion
microscope, Nanotechnology, Vol. 26(25), 255303, first published 4 June 2015. Copyright © 2015 IOP Publishing Ltd. Reproduced with permission.
All rights reserved. (f) Helium point irradiations into the side of a diamond microscale disk creating precise surface protrusions. Adapted from [95], Kim
et al., Focused-helium-ion-beam blow forming of nanostructures: radiation damage and nanofabrication, Nanotechnology, Vol. 31(4), 045302, first
published 24 October 2019. Copyright © 2019 IOP Publishing Ltd. Reproduced with permission. All rights reserved. The content of (a), (b), (d), () and
(f) is not subject to CC BY 4.0. For (c), please see the copyright notice in the caption.
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so-called gas bubble superlattice, comprising a periodic 3D
array of nanobubbles imposed onto the host lattice. This can
result in so-called radiation hardening of the material, which is
of particular significance in the development of radiation-
tolerant structural materials for deployment in nuclear fission
and future nuclear fusion reactors. It has been shown that the
gas bubble superlattice can be created by both broad beam or
plasma exposure, as well as by repeated scanning of a selected
area with the focused helium ion beam of the HIM. Wang et al.
used the HIM to conduct a systematic study of the effect of such
a helium gas bubble superlattice on the mechanical properties of
copper, which is representative of a range of fcc alloys that are
known to exhibit radiation tolerance [78]. Copper nanopillar
specimens were irradiated at room temperature with known
doses of helium ions to generate the gas bubble superlattice
(Figure 3c) and subsequently nanomechanical compression
testing of the implanted structures was performed by in situ
TEM to enable direct and quantitative observation of the super-
lattice during deformation.

Other materials of interest for nuclear reactor design that have
been the subject of HIM irradiation studies include silicon
carbide grains in a pyrolytic carbon matrix [79], a-LiAlO,
pellets [80], tristructural-isotropic fuel particles [81], oxide
dispersion-strengthened steels [82], tungsten [83-85], an Fe-Zr
alloy [86], a Y,03/Fe bilayer [87], and nanocluster films of
magnetite and core—shell iron—-magnetite nanoparticles [88]. In
these studies, various implantation effects have been investigat-
ed, including the tendency for grain boundaries and interfaces to
act as sinks for irradiation-induced defects and implanted ions
[79,80,82,83,86,87], and at higher doses, the subsurface
swelling that results in blistering and delamination [84]
(Figure 3d), which for deployment of a material in a reactor
needs to be avoided [80,82-85].

Returning to silicon, the nanomechanical properties of helium
ion-irradiated silicon nanopillars have since been investigated
as well, observing a softening behavior upon amorphization and
swelling [89]. Helium ion irradiation of single-crystal diamond
nanopillars has revealed an orientation dependence of the irradi-
ation damage and associated mechanical response, with the
typical swelling also observed [90]. In contrast, studies of both
helium and neon ion-irradiated polymers have shown that
swelling does not occur at the threshold doses observed for
crystalline targets, attributed to the significantly higher diffu-
sion coefficients of the noble gas atoms in the polymer,
allowing the gas to diffuse out rather than accumulate [91]. In
fact, a study has used localized helium ion irradiation to locally
shrink a polymer and thereby modify the height of metallic thin
films supported on a polymer substrate [92]. This effect was at-

tributed to ion-induced scission of the polymer chains and
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subsequent cross-linking and compaction, which can be under-
stood in terms of the dominance of energy losses by electronic
scattering in the case of light ions such as helium, compared
with the nuclear scattering that dominates energy loss for
heavier ions. Yet, even in polymeric materials, swelling under
implantation with high doses can still occur, and in general, the
above studies underscore the advantage for many nanofabrica-
tion applications of a sample that is thinner than the ion stop-
ping distance such that implantation effects can be avoided [93].
Although in some cases subsurface swelling is specifically
desired, as described further below.

Nanofabrication using subsurface swelling

The localized volume expansion observed for a range of crys-
talline materials upon helium ion irradiation at high dose has
also been put to use for several nanofabrication tasks. For ex-
ample, irradiation of silicon substrates has been used to pattern
raised lines, achieving a half-pitch down to 3.5 nm [94]
(Figure 3e, top). In the same study, 3D nanopyramids and
nanocones rising from the silicon surface were also created,
achieved by dosing a series of concentric square frame and
annulus patterns, respectively, with increasing dose from the
perimeter to the center (Figure 3e, bottom). This tumefaction
technique has the potential to be used to fabricate molds for
nanoimprint lithography. In a recent study, localized helium ion
implantation into diamond nanostructures using point or line-
scan exposures has been employed for nanoscale “blow-
forming”, producing precise surface protrusions in the regions
targeted [95] (Figure 3f).

Finally, helium ion-induced swelling of a substrate can also be
used to intentionally deform a supported structure. For example,
a silicon substrate supporting an amorphous nanoporous alumi-
num oxide structure was irradiated with helium ions causing
dome-shaped swelling of the substrate and thereby 3D deforma-
tion of the supported material, accompanied by enlargement of
the nanopores to accommodate the new topography [96].

3 Irradiation-induced restructuring

The following applications have used localized helium ion irra-
diation in the HIM to change the morphology and/or internal
structure of a material by ion-induced mass transport along sur-
faces, ion-induced collisional atomic mixing, and through stress

gradients induced in membrane targets by ion implantation.

lon-induced mass transport

In one example of a morphological change attributed to ion-in-
duced mass transport, segments of a free-standing GaAs nano-
wire of 100 nm diameter were irradiated locally with 30 keV
helium ions at relatively low dose resulting in local thinning of

the wire [97] (Figure 4a). Given the low dose applied, sput-
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Figure 4: Examples of restructuring using localized helium and neon ion irradiation. (a) Localized thinning of a GaAs nanowire by site-selective helium
ion irradiation at low dose: The proposed mechanism is mass transport by surface diffusion. Adapted from [97]. Copyright © 2017 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. Used with permission from Aramesh, M., lon-Beam Sculpting of Nanowires, physica status solidi (RRL)-Rapid
Research Letters, John Wiley and Sons. (b) Related pore shrinking of nanoporous amorphous aluminum oxide by helium ion irradiation. Adapted from
[96]. Copyright 2018 Aramesh et al., licensed under a Creative Commons Attribution 4.0 International License, http:/creativecommons.org/licenses/
by/4.0/. (c) Collisional mixing creating a silicon nanoparticle in a buried SiO, layer by localized neon ion irradiation: (i) energy-filtered TEM map,

(i) simulated projection thickness of the silicon nanoparticle, (i) measured projection thickness (red) and simulated (black). Adapted from [98]. Copy-
right 2018 Xu et al., licensed under a Creative Commons Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0/. (d) Mem-
brane folding by localized helium ion irradiation using different beam energies at the base of free-standing silicon nitride cantilevers. Reprinted with
permission from [99]. Copyright 2007 American Vacuum Society. The content of (a) and (d) is not subject to CC BY 4.0.

tering alone could not account for the dimension reduction ob-
served. In fact, thickening of the adjacent unexposed regions
was noted, thus adding weight to the hypothesis that ion-in-
duced mass transport by surface diffusion was primarily respon-
sible for the thinning effect encountered. In a related study,
helium ion irradiation of an amorphous nanoporous aluminum
oxide sample caused pores to markedly shrink in size, also attri-
buted to ion-induced mass transport [96] (Figure 4b).

Further related to mass transport, local helium ion irradiation
has been used to induce the growth of semiconductor nano-
wires [97]. In this study by Aramesh, gold catalyst nanoparti-
cles were distributed onto GaAs and InAs substrates and upon
irradiating selected regions with helium ions, semiconductor
nanowires grew from the gold nucleation sites. By increasing
the beam energy and current, the growth of single-crystal nano-
wires was also shown. This is reminiscent of nanowire growth
by the vapor—solid—liquid mechanism, except here the process
was performed at room temperature and without the flow of a
gaseous precursor. In the HIM case it was proposed that the
nanowire growth process was catalyzed by a combination of ir-

radiation-induced diffusion and local ionization.

lon-induced collisional mixing

Another form of restructuring, this time using the neon ion
beam, was demonstrated by Xu et al. using a collisional ion
beam-induced mixing technique [98]. Here, neon line irradia-
tion of an Si(25 nm)/Si0,(6.5 nm)/Si(bulk) stack was used to
induce collisional mixing of silicon atoms into the buried SiO;
layer. Upon subsequent thermal annealing, 1D chains of silicon
nanocrystals of 2.2 nm diameter self-assembled in the center of
the SiO; layer. A TEM-based analysis of an isolated silicon

nanocrystal from this work is shown in Figure 4c. The authors

highlighted that the demonstration presents a promising new
technique for the fabrication of single-electron transistor
devices. This work is also closely related to the magnetic prop-
erty tuning by Roder et al. described in Section 1, where local-
ized neon ion irradiation was used to create ferromagnetic
domains by introducing chemical disorder as a result of the ion-
induced nuclear collision cascade [55].

In a further study, ion beam-induced mixing using both helium
and neon ions in an Mo/Si multilayer beneath a 50 nm nickel
layer was reported [100]. This was in fact a milling study for
mask repair for extreme-ultraviolet (EUV) lithography applica-
tions (nickel being a candidate EUV mask absorber material,
and Mo/Si being the EUV mirror). In this particular case, the
observed mixing effect of atoms between the layers was unde-

sired.

Membrane folding

Recently, several papers on FIB-enabled nanoscale kirigami
have been published using the gallium FIB to mill line patterns
in free-standing membranes (equivalent to traditional
macroscale paper cuts) followed by localized gallium ion
implantation to induce stress gradients across the membrane
that lead to deformation by buckling [101]. Various intricate 3D
structures have been created following this approach. Interest-
ingly, right at the beginning of HIM-based research, membrane
folding using localized helium ion irradiation was also demon-
strated [99] (Figure 4d). In this work by Arora et al., free-
standing cantilevers in silicon nitride membranes that had been
prepared by photolithography were irradiated near the base with
helium ions at different energies. Upwards versus downwards
bending was observed, depending on the implantation depth
profiles. It is conceivable that by using the HIM to both mill the
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cuts and induce the buckling, the size of FIB-based nanoscale
kirigami structures can be further reduced compared to what is
currently possible using the gallium FIB technique. First steps

in this direction have recently been taken [102].

4 Resist-based lithography

The patterning of mask structures for resist-based lithography
also relies on irradiation effects. Here, the goal is to create a 2D
or 3D structure through a templating approach, whereby a
chemical change is induced in the resist layer causing it to
become either insoluble (negative tone resist) or soluble (posi-
tive tone resist) in the subsequent development step. The drive
to fabricate devices with ever reducing dimensions has meant
that alternatives to diffraction-limited photon-based lithography
have evolved, using charged particle beams [103]. Electron
beam lithography (EBL) can achieve minimum features sizes
approaching 5 nm, but key drawbacks of using electrons (beam
energies typically up to 100 keV) are the low sensitivity of the
resists to these particles and also proximity effects (i.e., uninten-
tional exposure of resist surrounding the targeted pixel) due to
backscattered electrons from the substrate and the secondary
electrons they generate. In contrast, for ion beam lithography,
the sensitivity gain can be orders of magnitude higher and the
proximity effect is dramatically reduced, due to the much lower
propensity of the ions to backscatter. However, before the intro-
duction of the HIM, ion beam-based lithography mainly relied
on the gallium FIB, for which major drawbacks were ion beam
sputtering of the resist and the relatively large beam spot size
(several nanometers) with its significant beam tails. Helium ion
beam lithography (HIBL) using the HIM is therefore a lucra-
tive alternative, combining the benefits of the tightly focused
probe and low sputter yield of the light ions with the high resist
sensitivity and greatly reduced proximity effect afforded by the
ion beam-based method. Reviews of HIBL can be found in
[104,105].

Sub-10 nm patterning

Resist-based HIBL was already investigated in the early years
of the HIM and the fabrication of sub-10 nm structures was
soon demonstrated [106,107]. Moreover, remarkably dense pat-
terning of sub-10 nm features was achieved. For example,
Sidorkin et al. demonstrated patterning of 6 nm dots with a half-
pitch of 7 nm in HSQ resist [106] (Figure 5a). These results
showcased both (1) the high patterning resolution of individual
features, made possible by the subnanometer probe, minimal
lateral scatter of ions in the resist, and associated narrow spatial
distribution of secondary electrons, as well as (2) the greatly
reduced proximity effect, due to negligible backscatter of the
helium ions and thus negligible presence of second-generation
secondary electrons, that together would otherwise cause fea-

ture blurring. The beam-sample interactions involved in the
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exposure of the resist are summarized schematically by Winston
et al. in Figure 5b [107]. Modeling and experimental measure-
ments of the 2D point-spread function for HIBL (i.e., the spatial
distribution of energy deposition, which determines the prox-
imity effect) can be found in the same reference. Cai et al. ex-
tended this work to a 3D visualization of the point-spread func-
tion by performing point exposures on HSQ through a thin layer
of silicon nitride and then developing the resist to remove non-
exposed regions, leaving drop-shaped cross-linked structures
that define the 3D exposed volumes [108] (Figure 5c¢). The
authors also directly exposed substrate-supported resists from
the front side and fabricated hollow and suspended nanostruc-
tures (see Figure 5d) by appropriate choice of beam energy and
dose during the patterning process. A further study has investi-
gated the HIBL proximity effect for large-area exposures, as
well as the potential to use HIBL to pattern tilted samples,
making use of the large depth of field of the HIM [109]. A
model-based method for HIBL proximity-effect correction has
also been developed [110]. And a recent study has investigated
the resist sensitivities and ion scattering profiles for 30 keV
helium ions compared with a few heavier ions of similar ener-
gies [111].

A number of measurements have been made of the dose re-
quired to achieve HIBL full exposure of EBL-standard HSQ
and PMMA resists, consistently finding that compared with
electrons, one to two orders of magnitude lower doses of helium
ions are required [114-116]. The high sensitivity to helium ions
of the inorganic HafSOx resist (designed for EUV lithography)
has been explored [117] and the unique potential to use HIBL to
pre-screen EUV resists has been evaluated [118-120]. The
advantages of HIBL have also been highlighted using a number
of other novel resists, including a fullerene-based molecular
resist [121], a tetracene molecular resist [122], and various
organic—inorganic resists [123-129]. The enhanced sensitivity
of resists to helium ions has been attributed to the higher sec-
ondary electron emission yield and the fact that the helium ions
deposit their energy over much shorter distances in the resist,

thus increasing the local energy density.

HIBL has also been combined with nanoimprint lithography,
achieving lines down to a half-pitch of 4 nm [130]. In this tech-
nique, the helium ion beam is first used to pattern a resist to
make a master template. The template is then pressed into a
second resist, which is cured by UV exposure before the master
template is retracted and re-used. Hereby, the high resolution
and the low proximity effect of HIBL are combined with the
high-throughput and low-cost benefits of nanoimprint. In
another HIBL-related study, helium ion irradiation was used to
induce varying degrees of cross-linking of aromatic self-assem-

bled monolayers supported on a gold substrate, followed by
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Figure 5: Resist-based lithography using helium and neon ions. (a) 6 nm dots on a half-pitch of 7 nm fabricated in HSQ by HIBL. Adapted with

permission from [106]. Copyright 2009 American Vacuum Society. (b) Schematic summarizing the beam—sample interactions involved in resist expo-
sure (ion backscatter from the resist—substrate interface is negligible). Reprinted with permission from [107]. Copyright 2009 American Vacuum
Society. (¢) Procedure for the 3D measurement of the point-spread function for HIBL using a through-membrane exposure technique: The SEM image
shows a cross-linked volume of HSQ upon development of the resist following the point exposure. Adapted from [108]. Copyright © 2018 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. Used with permission from Cai et al., 3D Volumetric Energy Deposition of Focused Helium lon Beam Lithogra-
phy: Visualization, Modeling, and Applications in Nanofabrication, Advanced Materials Interfaces, John Wiley and Sons. (d) Fabrication of a
suspended mesh structure by direct exposure of the resist from the front side. Adapted from [108]. Copyright © 2018 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. Used with permission from Cai et al., 3D Volumetric Energy Deposition of Focused Helium lon Beam Lithography: Visualization,
Modeling, and Applications in Nanofabrication, Advanced Materials Interfaces, John Wiley and Sons. (e) Carbon nanomembrane (CNM) fabricated by
HIBL of aromatic self-assembled monolayers. Reprinted from [112]. Copyright 2014 Zhang et al., licensed under a Creative Commons Attribution 4.0

International License, http://creativecommons.org/licenses/by/4.0/. (f) 7 nm lines on a half-pitch of 7 nm fabricated in HSQ by NIBL. Adapted with
permission from [113]. Copyright 2011 American Chemical Society. The content of (a), (b), (c), (d) and (f) is not subject to CC BY 4.0.

removal of the non-cross-linked regions by adhesion to a
PMMA film [112]. This leaves the exposed (cross-linked)
regions behind, presenting an alternative to the conventional
methods for carbon nanomembrane production in which cross-
linking is induced by electron or UV exposure. Figure 5e shows
a carbon nanomembrane from the above reference, fabricated
by the HIBL method.

Finally, the neon ion beam of the HIM has been employed for
resist-based lithography as well [113]. In fact, this happened
only a couple of years after the first HIM HIBL work. Winston
et al. showed that using neon ion beam lithography (NIBL),
7 nm diameter lines with a half-pitch also of 7 nm could be
fabricated in HSQ (Figure 5f), which is comparable with both
high-end EBL and HIBL. For similar beam energies, an expo-
sure efficiency in the NIBL case of approximately one thou-
sand times greater than EBL, and ten times greater than HIBL,

was determined.

5 Direct-write lithography/milling

Direct-write ion beam lithography is a resistless technique
in which patterning is achieved by direct milling with the
focused ion beam (FIB). Due to helium ion implantation effects,
the optimum sample geometry for direct-write helium FIB
lithography is a free-standing film of thickness less than the
penetration depth of the ions in the material. For such thin
samples, helium implantation is largely avoided, because most
of the ions pass right through. Furthermore, since there
is minimal lateral scatter over such short distances and
no backscatter from an underlying substrate, the sample
can be milled with minimal beam-broadening effects and
thus the narrowest cuts can be obtained. However, various
strategies have also been developed to enable helium FIB
milling of bulk samples that mitigate ion implantation effects,
either by increasing the milling rate and thus decreasing the
total dose, for example, by gas-assisted milling, or by using

substrates that allow out-diffusion of the implanted ions.
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Another strategy involves the pre-milling of coarser features
with the gallium FIB and/or neon FIB allowing the final preci-
sion cuts to be performed with the helium FIB at lower total
dose, since by that stage less material has to be removed. For
certain applications requiring precise efficient mills without
gallium contamination, neon FIB for the final (or only) milling
step is employed.

2D and 1D materials

In early helium FIB milling experiments, precise patterning of
nanoribbons in a suspended graphene sheet was demonstrated,
with nanoribbon widths down 5 nm achieved [131]. Graphene
nanoribbons are of great interest, since they allow researchers to
engineer a bandgap into the material due to quantum confine-
ment effects. Furthermore, by creating the nanoribbons by
direct milling as opposed to using a resist, resist residues and
the resulting graphene ripples can be avoided. In work by
Abbas et al., helium FIB milling of graphene on an SiO,/Si sub-
strate was able to produce graphene nanoribbon arrays that
indeed demonstrated semiconducting behavior [132]. An array
from this work comprising 5 nm wide high-aspect-ratio
nanoribbons closely packed with a half-pitch of 5 nm is shown
in Figure 6a. The authors also investigated the potential use of
these graphene nanoribbon arrays for chemical sensing, demon-
strating exceptional sensitivity to NO,. In another study, helium
FIB milling of graphene on SiO,/Si was used in combination
with EBL to fabricate graphene-based quantum dot devices
[133].

Returning our attention to free-standing graphene, helium FIB
milling of such samples has also been used to fabricate nanome-
chanical diaphragm structures [51,134]. An example is shown
in Figure 6b, where a set of curved and straight lines (with sub-
10 nm linewidths) were helium FIB-milled into the graphene to
form a radial arrangement of flexure beams. For further reading,
an experimental and theoretical study of helium (and gallium)
ion bombardment of free-standing graphene predicting the
sputter yields for atomically thin targets can be found in [145].
And a further study of the dynamics of milling free-standing
graphene with the helium FIB can be found in [146].

Samples typically need to be imaged with the HIM before
milling commences (unless working “blind” with the aid of
alignment markers). Therefore, it is important to establish safe
imaging doses that will avoid the generation of unwanted
defects in the material. Early studies by Fox et al. used Raman
spectroscopy to investigate helium ion-induced defect densities
in graphene and suggested a safe imaging dose of 10'3 jons/cm?
for this material [147]. This equates to either an image recorded
at low magnification, or a high magnification image acquired

with a low signal-to-noise ratio. The authors also noted en-
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hanced damage for supported graphene compared to free-
standing, attributed to the interactions of backscattered ions and
sputtered atoms from the substrate. However, damage is rela-
tive and the threshold doses to be applied depend on the particu-
lar experiment proposed. For example, elsewhere, irradiation of
narrow stripe patterns into supported graphene using doses of
1013 jons/cm? was shown to create enough disorder to induce a
transition from metallic to insulator behavior [148]. A possible
strategy to mitigate the beam damage of graphene in helium
FIB milling applications involves encapsulating the graphene
between flakes of hBN [149]. Here, Nanda et al. showed that
defects induced by the helium ions in the sandwiched graphene
sheet can heal by self-annealing and nitrogen doping. The effi-
cacy of the technique was further investigated by the same
group in an experiment in which encapsulated graphene sheets
on an Si0,/Si substrate were milled with the helium FIB to
create nanoribbons [150]. While defects and disorder in the
nanoribbons beyond the patterned areas were still detected, the
authors noted that the encapsulation method did prevent the sur-
face contamination effects that readily manifest when milling

unprotected graphene samples.

In further studies of helium (and neon) FIB milling of graphene
on SiO, substrates by Iberi et al., isolated graphene pad struc-
tures were created using perimeter line mills to define the
pad structures and thus separate them from the surrounding
graphene [135,151]. Here it was found that the secondary elec-
tron contrast upon imaging the pad structures with the ion beam
enabled the in situ determination of whether or not an electri-
cally isolated graphene pad had been obtained. As soon as the
pad is isolated, dark contrast from the pad is observed, indica-
tive of charging of the now non-grounded graphene on the insu-
lating substrate. The authors demonstrated how the technique
can be used to create narrow conducting graphene strips on the
insulating substrate, gauging the preservation of the conductive
behavior of the strips based on the contrast mechanism
described above (see also Figure 6¢). Effects limiting the
minimum feature sizes achievable, including the ion beam

profile and ion backscatter from the substrate, were discussed.

While most helium FIB milling of 2D materials has focused on
graphene, a few studies have also focused on other 2D materi-
als. For example, Fox et al. fabricated nanoribbons with diame-
ters down to 7 nm in free-standing few-layer MoS, [25]. High-
resolution analysis of the nanoribbons by TEM revealed that
sharp cuts with amorphous edges of thickness less than 1 nm
could be achieved (Figure 6d). This damage layer correlated
closely with the probe size of the helium ion beam used in the
experiments (marked with the red circle in the figure) and is a
good demonstration of what is possible when substrate

backscatter effects are excluded through the use of a free-
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Figure 6: Examples of helium and neon FIB milling. (a) Graphene nanoribbons (GNR) fabricated by helium FIB milling of graphene on SiO5/Si.
Adapted with permission from [132]. Copyright 2014 American Chemical Society. (b) Nanomechanical diaphragm structure (nested) fabricated by
helium FIB milling of a free-standing graphene flake. Adapted with permission from [134]. Copyright 2011 IEEE. (c) Graphene pad structures fabri-
cated by helium FIB milling of graphene on SiO,, imaged using the HIM: Dark contrast indicates pads that are electrically isolated; a 20 nm wide
conductive strip connects the large pad at the top. Adapted from [135]. Copyright 2015 Iberi et al., licensed under a Creative Commons Attribution 4.0
International License, http://creativecommons.org/licenses/by/4.0/. (d) TEM image of a helium FIB-milled edge of a free-standing MoS flake: The
dashed line indicates the extent of amorphization; the red circle represents the size of the helium ion beam used. Adapted with permission from [25].
Copyright 2015 American Chemical Society. (e) Free-standing graphene nanomesh (GNM) fabricated by helium FIB milling to demonstrate quantum
confinement. Adapted with permission from [136]. Copyright 2018 American Chemical Society. (f) Rhombus-shaped nanopores in free-standing MoS,
fabricated using helium FIB milling implementing an elliptical beam shape. Adapted from [137], Deng et al., Nano-patterning of a monolayer molyb-
denum disulfide with sub-nanometer helium ion beam: considering its shape, size and damage, Nanotechnology, Vol. 31(34), 345302, first published
12 June 2020, Copyright © 2020 IOP Publishing Ltd. Reproduced with permission. All rights reserved. (g) Aluminum bow-tie plasmonic antenna on
glass fabricated by helium FIB milling. Adapted with permission from [138]. Copyright 2018 American Chemical Society. (h) Plasmonic heptamer
nanohole arrays in a gold film on SiO5 fabricated by helium FIB milling. Adapted from [139]. Copyright 2019 Hahn et al., licensed under a Creative
Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0/. (i) Schematic of the sketch-and-peel method using
helium FIB milling to outline the desired shapes in a gold film on SiO2: (1) SEM image of an array of heart-shaped plasmonic dimer structures, (2) indi-
vidual dimer. Adapted from [140]. Copyright © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Used with permission from Chen et al.,
Topology Optimization-Based Inverse Design of Plasmonic Nanodimer with Maximum Near-Field Enhancement, Advanced Functional Materials, John
Wiley and Sons. (j) Gold bow-tie plasmonic antenna with internal fractal structure on glass fabricated by helium FIB milling of an EBL bow-tie pre-
structure. Adapted from [141], Seitl et al., Miniaturized fractal optical nanoantennas defined by focused helium ion beam milling, Nanotechnology, Vol.
31(7), 075301, first published 14 November 2019, Copyright © 2019 IOP Publishing Ltd. Reproduced with permission. All rights reserved. (k) 3D plas-
monic split-ball resonator fabricated by helium FIB milling of a silver nanosphere. Adapted by permission from Springer Nature, [142], Nature Commu-
nications, Split-ball resonator as a three-dimensional analogue of planar split-rings, Kuznetsov et al. Copyright 2014, Nature Publishing Group, a divi-
sion of Macmillan Publishers Limited. All Rights Reserved. (I) Cross-sectional TEM analysis of a helium FIB-milled via in bulk silicon. Adapted with
permission from [75]. Copyright 2014 American Vacuum Society. (m) Cross-sectional TEM analysis of neon FIB vias milled into SiO». Adapted with
permission from [143]. Copyright 2011 American Vacuum Society. (n) Helium FIB-milled slots in a titanium film (top views): (i) without, and (ii) with
XeF» gas assist. Adapted with permission from [144]. Copyright 2016 American Chemical Society. The content of (a), (b), (d), (e), (f), (9), (i), (i), (k),
(), (m) and (n) is not subject to CC BY 4.0.
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standing geometry. Helium FIB milling of nanoribbons into
free-standing hBN has also been demonstrated [152], as well as
the milling of high-quality grating structures into supported
hBN flakes [153]. In the latter case for the supported material,
neon FIB milling was shown to be advantageous due to the
higher sputter yield while retaining a high-precision milling
capability.

Helium FIB milling has also been applied to materials that
could be classified as being 1D. For example, helium FIB
milling has been used to create 3 nm nanogaps in metallic
single-walled carbon nanotubes [154]. The nanotubes were sup-
ported on an SiO,/Si substrate and the nanogaps that were
milled divided individual carbon nanotubes to form two closely
spaced electrodes, which were used to probe individual organic
molecules. In addition, linear arrays of holes have been helium
FIB-milled along the lengths of free-standing amorphous SiCN
nanobeams [155]. This work demonstrated the ability to tune
the resonant behavior of nanomechanical resonators using a
simple FIB-based post-fabrication method.

Nanopores

The fabrication of nanopores in thin membranes (free-standing,
typically silicon nitride) is a further area that has benefited from
the high milling precision of the helium FIB. Solid-state
nanopores are central to pore-based biosensing applications, in-
cluding DNA sequencing, in which the flow of ion current is
monitored as the biomolecule passes through the pore. The size
of the pore must be commensurate with the size of the biomole-
cule to be detected; double-stranded DNA has a width of ca.
2 nm. To be commercially viable, high-throughput methods for
the fabrication of nanopores with precisely tuned diameters is
key, and neither the gallium FIB nor electron beam-based
"sculpting" techniques meet this need, since they are multi-step
processes involving a final pore-closing routine to obtain the
final diameters desired. In contrast, the helium FIB is able to
routinely fabricate arrays of precise nanopores with diameters
down to 4 nm in a one-step process [156], which has garnered
significant interest in the field. Hall et al. have also reported the
fabrication of individual nanopores in ca. 40 nm thick silicon
nitride membranes with diameters down to 2.5 nm [157]. The
pores are milled in spot mode (constant dwell on a single point)
and the size of the pore is controlled by the irradiation dose.
Through the implementation of automated stage movement and
milling routines, patterning over large areas with high accuracy
can be achieved [158]. A review of solid-state nanopore fabrica-
tion by helium FIB milling for the detection and analysis of bio-
molecules can be found in [159]. In closely related work, the
translocation of virus particles (rod-shaped tobacco mosaic
virus) through solid-state helium FIB nanopores has also been
reported [160].
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In order to monitor the thinning of the silicon nitride membrane
in situ, and allow for sensitive endpoint detection, the
transmitted ion current can be measured [161]. Tracking of the
transmitted ion current has also been used for controlled
thinning of larger areas of the silicon nitride membrane, fol-
lowed by pore drilling with the helium FIB in spot mode in the
normal fashion [162], or pore fabrication via electric field-
driven controlled breakdown in the thinned regions [163]. The
advantage of pre-thinning is the enhanced signal-to-noise ratio
that is observed for translocation through nanopores in thinner
membranes. Following the selective pre-thinning method de-
scribed, this enhanced performance can be achieved while at the
same time retaining the robustness of the device afforded by the
overall thicker membrane. Measurement of the transmitted ion
current during pore milling has also been used to track the
growth behavior of larger pores, providing a convenient means
to measure the point-spread function of the helium ion beam
[164,165].

An important factor to take into account when performing any
helium FIB nanofabrication (or even imaging, for that matter),
is the potential detrimental effect of hydrocarbon contamina-
tion. For example, in work by Emmrich et al. using silicon
nitride membranes exposed to differing degrees of plasma treat-
ment prior to milling, it was found that the degree of hydro-
carbon contamination remaining on the surface affected the
subsequent milling of circle patterns when using different
concentric scan strategies [164]. When milling a concentric cir-
cular pattern starting from the outside and moving in, hydro-
carbon contamination was found to follow the path of the beam,
limiting the size of the final milled pattern, whereas when the
milling started from the center, hydrocarbons were prevented
from diffusing inwards enabling the mill process to proceed
largely unaffected. For the fully cleaned membranes, the scan
strategy had no effect on the final pore size, since the hydro-
carbon effect was no longer at play.

Apart from silicon nitride, helium FIB milling has also been
used to create nanopores in other free-standing membranes,
with minimum pore diameter records as follows: 1.3 nm diame-
ter in a 1 nm thick carbon nanomembrane [164], 2.6 nm diame-
ter in single-layer graphene [145], 4 nm diameter in few-layer
and monolayer hBN [152,166], and 1.3 nm diameter in mono-
layer MoS; [137]. Ion conductance and DNA translocation
through helium FIB-milled graphene nanopores has been re-
ported [167], as has the fabrication of suspended graphene
nanomesh structures (3—4 nm pores on a pitch of <10 nm,
Figure 6e) that demonstrated bandgap opening by quantum
confinement [136]. In follow-up work to the latter, the size of
the bandgap was tuned by varying the porosity of the nanomesh
through adjusting the pitch of the periodic nanopore array [168].
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In recent work on free-standing MoS,, another interesting phe-
nomenon was observed, namely that by milling with a slightly
stigmated beam (again, in spot mode), rhombus-shaped
nanopores could be obtained with a geometry following that of
the hexagonal MoS; lattice [137] (Figure 6f). By helium FIB
milling sub-10 nm pores into hBN and growing graphene into
the voids, stable graphene quantum dot arrays have also been
produced [166]. And when milling larger pores of 250 nm di-
ameter into a 100 nm gold film on a glass substrate, the forma-
tion of “volcano-shaped” nanopores has been observed [169].
The raised perimeters around the pores may result from
swelling of the gold, since helium ions have a relatively short
stopping distance in this material, with possible contributions
from the redeposition of sputtered atoms, or irradiation-induced

mass transport.

The technically most challenging nanopores to fabricate are
atomically precise ones consisting of just a few ejected atoms
from a 2D material. Exploratory studies using both helium and
neon ion irradiation in the HIM have been conducted in this
area. For example, in work by Yoon et al., 500 nm square fields
of free-standing graphene were irradiated with helium/neon ions
by rastering the beam to achieve a uniform areal dose and
subsequently the samples were annealed to stabilize the defects
before inspection by high-resolution STEM [170]. Coupled with
analysis based on atomistic simulations it was found that in the
case of helium ion irradiation, vacancy defects involving local
bond rearrangements were favored, whereas for neon ion irradi-
ation, monovacancy defects were preferred. It was thus con-
cluded that in order to transfer sufficient energy to efficiently
displace carbon atoms from the lattice, irradiation with the
higher mass ion (neon) is required. This work is directly related
to the defect engineering studies described in Section 1, where
helium ion irradiation of 2D materials was also used to create
vacancies that were similarly investigated by high-resolution
STEM [26,29,30]. Further work in this area has used Raman
spectroscopy in combination with a model for defect activation
to investigate the size and distribution of vacancy defects
formed by broad-area illumination, using helium/neon ions and
free-standing/supported monolayer graphene/MoS; [171]. Very
recently, the fabrication of atomic-scale nanopores in bilayer
graphene for selective gas permeation was reported using a
combined approach of helium ion bombardment to nucleate the
defects followed by treatment in hydrogen plasma to expand the

pores to the desired size [172].

A further interesting application involving helium FIB
nanopores is the milling of holes into a thin layer of SiO, on a
silicon substrate to create dot arrays of exposed silicon that act
as nucleation sites for semiconductor nanowire growth by mo-

lecular beam epitaxy [173].
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Plasmonic structures

The precise milling capability of the helium FIB has also been
used for the fabrication of various plasmonic structures, for
which smaller gap sizes are critical in order to maximize the
local field enhancement. For example, plasmonic dipole
antenna structures have been fabricated whereby 20 nm thick
gold islands (fabricated by EBL) on borosilicate glass were
divided using a helium FIB cut, achieving gap sizes down to
3.5 nm [174]. Similarly, precise helium FIB thinning of a
narrow band across the center of individual gold islands, fol-
lowed by completely milling away the thinned material from
the sides to leave a constriction in the middle, has been used to
fabricate thin and narrow conducting bridges (bridge heights of
a few nanometers and widths down to 5 nm) that can be used to
modulate the plasmonic behavior of the antenna [175]. In a
further study, helium FIB milling was used to create a ca. 5 nm
gap in the elbow of L-shaped gold nanoantennae [176].

The fabrication of high-quality bow-tie antennae using the
helium FIB has also been demonstrated. For example, in work
by Kollmann et al., 30 nm gold on borosilicate was first milled
using the gallium FIB to create a fused antenna structure of
opposing triangular shapes, after which the helium FIB was
used to create a sharp cut in the center giving a gap size of 6 nm
[177]. The bow-tie structures fabricated in this manner had
vastly improved non-linear performance due to the small gap
with sharp sidewalls achieved by the helium FIB. The use of the
helium FIB instead of the gallium FIB to fabricate the nanogap
also means that implanted metallic residue at the milled inter-
face is avoided, which would otherwise change the dielectric
function of the material and degrade the plasmonic perfor-
mance of the antenna. A similar fabrication of bow-tie struc-
tures in aluminum thin films has been demonstrated by Simeone
et al., in this case achieving gap sizes down to 3 nm using the
helium FIB to mill the entire structure into aluminum pads pre-
pared by EBL [138] (Figure 6g). Here, a favorable smoothing of
the surface of the evaporated aluminum during the helium FIB
fabrication process was also observed, the underlying mecha-

nism of which warrants further study.

Moving to other types of plasmonic structures, helium FIB
milling of high-quality coaxial plasmonic resonators has been
demonstrated [178]. In this work, Melli et al. used the helium
FIB to mill 100 nm thick gold on fused silica to fabricate a plas-
monic ring structure comprising a circular gap of diameter
200 nm and width 8 nm, which demonstrated an optical perfor-
mance that matched theoretical predictions. The authors cred-
ited the high performance to the small gap size, vertical side
walls, minimal edge rounding, and flat central mesa enabled by
the helium FIB approach. In comparison, gallium FIB milling
produced gap widths larger than 20 nm, V-shaped side walls,
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rounded edges and a perturbed top surface. By optimizing the
gold film itself to enable more uniform milling rates, for exam-
ple, by increasing the grain sizes in polycrystalline films by
annealing [179,180], or by using single-crystal gold [181],
further improvements in both gap size and reproducibility can
be achieved. Additional plasmonic structures that have been
fabricated by helium FIB milling include trimeric assemblies of
resonant nanoapertures [182], arrays of nanostructured radial
resonant apertures [183], and plasmonic heptamer nanohole
arrays [139] (Figure 6h), all in gold films, as well as multireso-
nant plasmonic nanoslit cavities [184] and plasmonic tetramer
nanoantennae [51] in crystalline gold platelets. In the latter
study, an advanced beam patterning toolbox with beam path op-

timization was recently introduced [51].

A novel strategy for the fabrication of large assemblies of plas-
monic structures is the so-called “sketch and peel” method
[185,186]. First developed by Chen et al. for EBL, it was then
extended to FIB milling, thus circumventing the need for a
resist and enabling more flexibility in terms of the substrate. In
the FIB method, ion milling is used to outline, or “sketch”
shapes into a supported gold film, after which the unwanted
portions of the film are removed by selective peeling. The ex-
planation for the selective peel is proposed to be redeposition of
sputtered material onto the sidewalls of the cuts, which protects
the outlined shapes from being removed with the rest of the film
during the peeling process. The significant advantage of this
technique is that large assemblies can be fabricated rapidly,
since only the outlines need to be milled, rather that having to
mill away all of the gold film around each desired structure. For
helium FIB milling, the high speed of the sketch-and-peel ap-
proach is particularly compelling, due to the inherently low
sputter yield of the light ions. Furthermore, for all the areas that
are not patterned by the beam, beam damage to the underlying
substrate is avoided. Compared with the gallium FIB, sketch-
and-peel using the helium FIB enables finer cuts and, in the first
demonstrations, the fabrication of arrays of plasmonic dimer
structures with a gap size of 15 nm was achieved [186]. Subse-
quent iterations of the method routinely report gap sizes of 5 nm
[180,181], including the fabrication of heart-shaped nanodimers
defined using a shared boundary in the center to create the
nanogap as opposed to milling the dimer outline and gap sepa-
rately [140] (Figure 61). To further increase the efficiency of the
process, a combination of gallium and helium FIB milling can
be applied, the former for the coarser outlines and the latter for
the fine cuts forming the nanogaps [180,187]. The advantage of
using single-crystal gold to ensure uniform sputter rates, and
thus ultimately enable milling of narrower cuts with enhanced
reproducibility, has also been demonstrated for the sketch-and-
peel method [181]. In the latter, Laible et al. also investigated
the fabrication of gold pre-stuctures by EBL and argon ion
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milling (rectangles or connected bow-tie shapes) as another
means to reduce the milling time for large assemblies, whereby
the final nanostructures themselves were defined using opti-
mized helium FIB milling strategies based on multidirectional
scans. In follow-up work by the same group, bow-tie nanoan-
tennae with fractal internal geometries were fabricated, using
bow-tie pre-structures prepared by EBL that were then milled
with the helium FIB to accurately define the nanogaps and the
internal fractal patterns [141] (Figure 6;j).

3D plasmonic structures with tunable magnetic response at
optical frequencies have also been fabricated by helium FIB
milling [142]. In this work, spherical nanoparticles of gold/
silver were fashioned with a precise nanoscale cut using the
helium FIB, creating “split-ball” resonators with nanometer
control over the width and depth of the cut (Figure 6k). In
another 3D example, the helium FIB has been used to mill
nanoscale apertures into the center of hollow pyramidal [188]
and hemispherical [189] gold microstructures for sensing
applications via local electric field enhancement. 3D plasmonic
gold tips that were pre-milled with the gallium FIB and then
finely shaped with the helium FIB have also been produced
[190].

Bulk samples: semiconductor industry applications
and further next-generation devices

As mentioned previously, the ideal sample for helium FIB
milling is a free-standing material that is thinner than the stop-
ping distance of the helium ions, such that most pass through
and thus cannot accumulate. However, suspended membranes
are not always the desired geometry for devices, and indeed a
number of the examples already given were for thin materials
supported on bulk substrates. For FIB applications in the semi-
conductor industry (circuit edit, failure analysis, mask repair,
and device prototyping), the samples of prime concern are bulk
materials, and thus bulk effects must be considered and miti-
gated. In fact, for semiconductor applications and for the fabri-
cation of next-generation devices on bulk substrates, the neon
FIB is of particular interest, due to the higher sputter yield and
reduced penetration depth of the heavier ions.

Certain substrates are less susceptible to the swelling that can
occur under helium ion irradiation, since they allow the helium
to diffuse out. These favorable substrates are non-crystalline
and a key one is amorphous SiO,, for example, in the form of
several hundred nanometers of amorphous SiO; on a silicon
wafer, or as a bulk glass substrate. If such a substrate can be
selected, the full advantages of helium FIB milling to create
narrow cuts with high aspect ratio can be realized. For example,
in early work, 10 nm wide vias with an aspect ratio of up to

1:12.5 in a supported gold layer were reported [191]. Using
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gallium FIB milling, such high aspect ratios are unobtainable,
due to the significant taper angle of the sidewalls that give
gallium FIB vias their characteristic V-shape, with aspect ratios
rarely above 1:5. The strongly tapered side walls of gallium FIB
vias largely result from redeposition, and while there is also
redeposition in helium FIB vias, the sputter yield under
glancing incidence for helium ions is much more strongly
peaked compared to gallium ions, thus significantly reducing
the taper effect [192]. Further demonstrating the small taper
angle for helium FIB milling, through-holes in a (free-standing)
100 nm thick gold film with diameters of 5 nm and, thus, aspect
ratios of 1:20 have also been reported [193].

Significant differences between the beam—sample interaction
profiles for thin-film compared to bulk sample geometries have
been revealed by Tan et al. through cross-sectional TEM analy-
sis of helium FIB line mills of varying dose in suspended
silicon membranes compared to bulk single-crystal silicon [75].
For the bulk sample, a via starts to form, but at high dose closes
again as a result of damage accumulation and volume expan-
sion due to the implanted helium. Eventually, significant amor-
phization occurs within a characteristic teardrop-shaped
volume. In contrast, in the membrane case, forward-sputtering
from the back of the membrane dominates and the overall
sputter yield is much higher, with minimal helium implantation,
thus enabling the milling of narrow high-aspect-ratio vias. As
the milling progresses and the membrane thins, the ratio of
back- to forward sputtering changes, eventually giving rise to an
upturned V-shaped profile.

However, as mentioned, it is the bulk sample that is of concern
in the semiconductor industry. Although sharp vias can be ob-
tained in bulk silicon using the helium FIB when selecting the
appropriate dose, as shown in Figure 61 [75], helium ions are
still implanted at the base. For applications such as circuit edit
and mask repair, the deep penetration depth of helium ions and
associated damage effects (amorphization, nanobubble forma-
tion, and swelling) cannot be tolerated. Moreover, a higher
sputter efficiency is needed so that larger volumes of material
can be removed. Here, the neon FIB is a favorable alternative,
since it has a shallower implant depth than helium and a higher
sputter yield, as first shown by Tan, Livengood, and co-authors,
and later by others [15,17,100,143,194]. In fact, the sputter
yield for neon increases for decreasing beam energy (which is
the reverse of what happens for gallium). Thus, it is actually
more favorable to operate at lower neon beam energies (e.g.,
10 keV), which also reduces the penetration depth and
amount of subsurface damage [15,195]. This is important,
because as with helium ion irradiation, neon nanobubbles can
still form and the associated swelling can still occur
[15,17,100,195-198].
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By using the neon FIB in place of gallium FIB, the detrimental
contamination of semiconductor materials with gallium is
avoided. Further, as recently demonstrated for 10 keV neon FIB
milling of the group-III-V semiconductor GaAs, trenches with
a smooth surface at the base can be produced (i.e., no porosity
due to neon nanobubbles), which also do not exhibit the
gallium-rich droplets that occur for gallium FIB milling as a
result of preferential sputtering of the group-V element [195]. It
should be noted, however, that the milling behavior of the
group-III-V semiconductors varies, with different morphologi-
cal changes observed depending on the particular material in
question. For example, in experiments on GaSb milled using
neon ions of the same energy and at the same dose as in the
previous study, surface porosity was induced, whereas at
slightly lower doses, the formation of gallium-rich nanodots on
the GaSb surface occurred [198]. Thus, in addition to creating
smooth surfaces, neon FIB milling can also be used for selec-
tive surface nanostructuring.

Neon FIB vias with relatively high aspect ratios (up to ca. 8:1),
compared with their gallium FIB counterparts, have been
demonstrated, although they are similarly limited by a V-shaped
profile [17,143,199] (Figure 6m). 3D Monte Carlo simulations
of the evolution of the neon FIB via profiles have been per-
formed and find close agreement with the profiles determined
experimentally, explaining the sidewall tapering as resulting
from an increase in redeposition rate and a decrease in effective
sputter rate with depth, correlating with the decreasing open
angle of the via [196,200,201]. Recent refinements to the Monte
Carlo code by Mahady et al. have revealed that in order to accu-
rately predict the width of the neon FIB vias, an effective beam
profile needs to be used as the input, rather than the measured
one. This is because artifacts such as platform vibrations seem
to be broadening the mills, resulting in simulated via widths that
are narrower than the real ones [202].

The favorable sputter yield of neon and the fact that the
implanted ions are not metallic has also been put to use for the
fabrication of superconducting nanowires on bulk substrates,
where selected regions of Nb and NbN films were milled away
to form constrictions of the desired dimensions [203-205].
Furthermore, neon FIB milling has been used to investigate the
effect of miniaturization on the switching currents of magnetic
tunnel junction devices by successively reducing the device size

using neon FIB cuts into the sub-10 nm range [206].

Minimizing subsurface damage

Apart from working with thin free-standing samples or selecting
substrates that are less susceptible to swelling, one approach to
reduce substrate swelling is to heat the sample during the

milling. This encourages out-diffusion of the implanted helium
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before it can accumulate and also promotes annealing of ion-in-
duced defects. Techniques using an in situ MEMS-based heater
[207] and localized in situ pulsed laser-based heating [208]
have been developed. In the latter, Stanford et al. showed that
around 90% of the implanted helium can be driven out using the
laser-assist process, and that peripheral damage when milling
graphene on an SiO, substrate can also be mitigated. Pulsed
laser assist during helium FIB milling has also been shown to
be an effective strategy to mitigate the ion beam-induced depo-
sition of carbon from residual hydrocarbon species that can
otherwise compete with the milling process [102].

Another approach to minimize subsurface damage is to increase
the milling rate, so that the total ion dose (and hence total
amount of implanted helium) required to mill a given feature is
significantly reduced. To achieve this, gas-assisted etching can
be employed. This involves delivering a gaseous precursor to
the region of the sample being milled, just as one does in FIB-
induced deposition (see Section 6), except here, a gas is chosen
that will generate radicals upon dissociation of its molecules
that then form volatile reaction products with atoms from the
substrate material, thus enhancing the rate of their removal.
Using this method, XeF;-assisted helium FIB milling of a
200 nm thick titanium film on a 30 nm silicon nitride mem-
brane was demonstrated [144]. The authors showed that by in-
creasing the milling rate, the amount of subsurface damage
could be minimized to such an extent that swelling was essen-
tially eliminated (Figure 6n). Gas-assisted helium FIB milling
using XeF; has also been demonstrated for the fabrication of
WSe, nanoribbons on SiO; substrates, with a fivefold enhance-
ment of the mill rate reported [209]. Yet, it was noted that
defects were still generated up to 120 nm from the milled edges
due to backscattered ions and recoiled atoms from the substrate.
As for the neon FIB, Monte Carlo simulations together with ex-
periments have been used to investigate XeF,-assisted neon FIB
milling of vias in SiO, [210]. Prior to this work, experimental
studies of the assist process for neon FIB milling of larger areas
of an SiO, target had also been performed [199], and more
recently, XeF,-assisted helium and neon FIB milling of TiN
thin films [211] and resist patterns [194] has been investigated.

Laser-assisted milling can also be combined with gas-assisted
milling to increase milling rates even further. This is because
thermal effects increase the diffusion rates of the XeF, precur-
sor molecules and of the reaction by-products. Using this
combined approach, Stanford et al. showed that approximately a
ninefold enhancement in helium FIB milling rates compared to
non-assisted milling can be achieved [144].

Finally, using a method without any beam assist, it has been

shown that the sample can be tilted relative to the beam normal
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in order to favorably shift and foreshorten the volume of the
beam—sample interaction [212]. In this work by Hang et al.,
30 keV helium ions were used to mill lines into graphene
supported on a substrate comprising SiO,(300 nm)/Si. Under
normal incidence, significant substrate swelling occurred, which
can be attributed to a significant proportion of the helium ions
accumulating in the silicon. In contrast, by tilting the specimen
from the horizontal position by 43°, swelling was avoided, since
then most of the ions accumulated in the amorphous SiO; layer,
allowing the helium to diffuse away. However, through analy-
sis by Raman spectroscopy, defects in the graphene lattice
extending up to 300 nm away from the milled lines were
detected, indicating damage caused by backscatter helium ions

and possibly also recoiled substrate atoms.

Specimens for materials analysis

Another important application of FIB milling in general is the
fabrication of electron-transparent specimens for materials anal-
ysis by TEM. The gallium FIB has been the workhorse instru-
ment in this area. Yet, there are certain samples that are suscep-
tible to artifacts from gallium ions. Hence, alternative ion
species for FIB-based preparation are of interest. For example,
aluminum and its alloys tend to become contaminated and
embrittled as a result of the segregation of gallium along grain
boundaries and interfaces. Also, semiconductor materials have
been shown to develop gallium precipitates and droplets
[213,214].

The use of the helium FIB [215] and neon FIB [197] to thin
TEM lamellae has been investigated. In these studies, the
lamellae were first pre-thinned using the gallium FIB and then
the final thinning step was performed using helium/neon. Under
glancing incidence, helium FIB milling was shown to reduce
surface roughness, remove surface contamination, and produce
thinner specimens with crystallinity preserved [215]. However,
helium FIB milling is inherently slow due to the low sputter
yield of the light ion. Therefore the neon FIB, with a higher
sputter yield, while retaining the precision characteristics of the
GFIS beam, is a lucrative alternative. By switching from
gallium to neon milling at a judicious time point (i.e., while the
central region of the lamella is still gallium-free), it has been
shown that final TEM specimens that do not contain gallium
can be obtained [197]. Another advantage of the neon FIB
method is that during the final milling stage, the thickness of the
lamella can be monitored accurately by end-on imaging using
the neon ion beam. Compared with imaging with low-energy
gallium ions (low-energy gallium is conventionally used for the
final mill step), the thickness of the lamella can be visualized
very clearly using the neon ion beam. However, although the
neon FIB allows for more precise milling, it should be noted

that beam-induced damage such as dislocations are still compa-

652



rable to those resulting from the conventional gallium FIB
method [197]. The application of neon FIB milling for the fabri-
cation of tips for atom probe tomography, similarly limited by
gallium-only milling for certain materials, is also underway
[216].

FIB milling is also widely used to fabricate specimens for
micro- and nanomechanical tests. Again, gallium contamina-
tion can be a concern, this time due to potential changes in the
mechanical properties of the material. Thus here too, FIB
species other than gallium are being explored. In this regard,
helium FIB milling has been tested to create sharp notches for
small-scale fracture toughness measurements [217]. Although
sharp notches could be produced, a significant limitation is
helium implantation into the material beneath the notch forming
nanobubbles, which also affects the nanomechanical behavior
of the material. Similarly, when using the helium FIB to prepare
silicon nanopillars for in situ TEM nanomechanical compres-
sion testing, nanobubbles formed inside the pillars resulting in a
decrease in the yield stress of the material [89]. In future work,
gas-assisted etching might be used to increase sputter rates and
thus decrease the total amount of ion implantation, as described
earlier. Alternatively, sample geometries that in the milling
direction are thinner than the helium ion stopping distance
could be considered. Neon FIB milling is also a possibility.
Indeed, in a study in which the neon ion beam was used to irra-
diate silicon nanopillars, it was found that by irradiating at
elevated temperature, the material remained crystalline and con-
trolled thinning by sputtering could be achieved [218]. In
contrast, at room temperature, amorphization occurred and the
nanopillars evolved into conical shapes due to viscous flow.

6 Gas-assisted deposition

FIB-induced deposition (FIBID) is a further area of direct-write
nanofabrication benefiting from the high-resolution characteris-
tics of the HIM, enabling the fabrication of structures with
dimensions smaller than are possible using conventional
gallium-based FIBID. Moreover, the deposition rates of helium
FIBID have been found to approach those of focused electron-
beam-induced deposition (FEBID), thus realizing a form of
FIBID that delivers both high resolution and high rate. Simi-
larly to resist-based HIBL, proximity effects are also mini-
mized in helium FIBID. For a detailed review of early helium
FIBID work, the reader is referred to [219].

Deposition rates, deposit dimensions, compositions
and resistivities

In FIBID, a chemical precursor is introduced into the vacuum
chamber, typically in the form of a gas injected via a needle
placed close to the specimen. The precursor molecules are then

dissociated into volatile and non-volatile fragments as a result
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of interactions with the primary ion beam, secondary electrons,
and backscattered ions, with potential contributions also from
excited atoms and thermal effects [220]. The non-volatile frag-
ments are deposited at the locations scanned by the beam and
the volatile fragments are pumped away.

The first studies of helium FIBID were reported by Sanford
et al. and used a standard FIBID/FEBID platinum-based
organometallic gaseous precursor to grow broad deposits
in the micrometer size range [221]. Deposition rates of
0.2-0.6 um3/nC were reported, comparable to those achieved
by gallium FIBID (i.e., relatively fast). In terms of purity, per-
centage compositions of platinum of up to 20% were measured,
comparable to those typically obtained by FEBID (i.e., fairly
low). Yet later, Drezner et al. experimented with ca. 200 nm
wide pillar deposits and demonstrated that by varying the beam
current, higher purity deposits containing up to 40% platinum
could be achieved, thus approaching the purity levels of gallium
FIBID [222], without co-implanting gallium. In this particular
work, it was found that decreasing the beam current decreased
the deposition rate, resulting in shorter pillars with a higher
platinum content. This was attributed to a higher availability of
precursor when the growth rate was slower. A similar trend for
the growth rate as a function of ion current was reported by
others [223]. However, in Sanford’s earlier study [221], and in
later work investigating the growth of much narrower pillars
(described further below), the opposite was found, with decreas-
ing current resulting in faster vertical growth rates [224]. This
highlights the complex interplay of processes involved in FIBID
and the important difference between operating in a reaction-
limited versus a mass-limited regime. Interestingly, Drezner and
co-authors also found that the platinum content varied along the
length of their pillars, and was greatest near the top [222].
Amorphization and swelling of the substrate immediately
beneath the deposit were also noted.

Soon after the first demonstration of helium FIBID for relative-
ly large deposits, Chen et al. demonstrated the growth of plati-
num-based nanopillars by continuous illumination in spot mode,
achieving diameters down to 36 nm, that is, approximately four
times narrower than nanopillars grown by gallium FIBID and
comparable to the minimum widths achieved by FEBID [224].
In early work, very tall nanopillars with aspect ratios up to
1:130 were also demonstrated [225], and more recently, aspect
ratios of 1:200 have been reported [226]. An analytical model
[227] and Monte Carlo simulations [224,228] were developed
to investigate the deposition mechanism, concluding that pillar
growth in the vertical direction (height) is due to the precursor
dissociation reactions induced by the incident ions and the sec-
ondary electrons they generate, whereas lateral pillar growth

(width), is predominantly caused by the interactions of scat-
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tered ions and their associated secondary electrons as they exit
the sides of the pillar. Since the density of primary ions and
their secondary electrons at the apex is much higher than that of
the scattered ions and associated secondaries at the sides, the
growth rate in the vertical direction is much faster and pillars
with high aspect ratio can be obtained. Furthermore, since there
is limited backscatter of ions from the substrate, proximity
effects are minimized. For example, the halos that form around
nanopillars grown by FEBID are not observed in the helium
FIBID case. For constant ion dose it was found that decreasing
the ion current resulted in the tallest and narrowest pillars, indi-
cating a growth rate regime limited by the availability of precur-
sor at the apex [224,227,228]. Subsequent work by Alkemade et
al. investigated pulsed deposition, achieved by scanning an
array of points in a cyclic fashion to grow a set of nanopillars in
parallel (rather than growing individual nanopillars one by one,
by continuous illumination of the same spot) [229]. It was
found that a pulsed beam approach can alleviate depletion of the
precursor at the apex, since the precursor supply is constantly
refreshed. Following this approach, the authors demonstrated
enhanced vertical growth rates for pulsed deposition, with the

fastest rates achieved for the shortest dwell times.

Since the width of the nanopillar is determined by lateral scat-
tering, as described above, the nanopillar widths are greater
than the beam diameter (pillar widths are typically 30-40 nm).
And since the beam spreads in a conical fashion to a depth of
around 300 nm, the tips of helium FIBID nanopillars are
markedly cone-shaped [224,227,230]. This feature can be used
to create smaller-diameter (ca. 10 nm) dot deposits using short
dwell times, so that only the first part of the conical shape is
formed [231]. Alternatively, the beam can be scanned horizon-
tally across the surface to deposit lines. For example, pairs of
lines with line widths down to 13 nm on a half-pitch down to
8 nm have been demonstrated, as shown in Figure 7a [232].
Individual lines with diameters down 10 nm have also been
achieved [233,234], including in the free-form patterning of a
miniaturized reproduction of a 13th century painting [235]
(Figure 7b). With respect to the nanopillars, an effective method
to reduce their diameter is to gradually move the beam laterally
during the deposition, rather than hovering over the same point
in spot mode. In this way, a nanopillar is grown horizontally
rather than vertically, and since the sample volume beneath the
beam interaction point is thus significantly reduced, there is
much less broadening and narrower structures can be grown
[236]. Following this approach, nanopillars with diameters
down to 14 nm have been demonstrated (Figure 7c). In further
regard to pillar widths, 3D Monte Carlo simulations have in fact
predicted that neon FIBID nanopillars could have even smaller
diameters than their helium FIBID counterparts, due to the

smaller overall interaction volume for neon causing less broad-
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ening further down the pillar, and also due to the lower second-
ary electron emission yield [237]. Experimental investigations

of this proposed effect for neon FIBID are still pending.

A unique feature of helium FIBID nanopillars is that they can
have hollow cores. This is a direct consequence of the highly
localized interaction of the helium ions, as illustrated by Monte
Carlo simulations of helium FIBID nanopillar growth, see
Figure 7d [224]. In the referenced figure we see a cross-section
through a simulated helium FIBID nanopillar, color-coded ac-
cording to the species that induced the deposition in a particu-
lar area. The central column, shown in red and just a nanometer
or so wide, indicates the region where deposition is induced by
the primary helium ions. However, deposition always competes
with sputtering, and if the sputtering rate is high enough, then
the central region of the pillar can be milled out as the
nanopillar grows, creating a columnar void. Hollow helium
FIBID nanopillars were first observed by Kohama et al., with
the hollow cores visualized by STEM [238] (Figure 7¢). In the
case of hollow nanopillars grown on silicon substrates, the
authors also noted subsurface damage in the form of swelling.
They showed that this swelling can be minimized by increasing
the growth rate of the nanopillar, since then the pillar can more
quickly shield the material below. Interestingly, in the case of
thin amorphous carbon substrates (about 300 nm thick), which
did not exhibit such pronounced swelling, the growth of a
smaller nanopillar “twin” on the back surface was observed in
addition to the one on the top, with a columnar void in each
[246].

The electrical resistivities of helium and neon FIBID deposits
have also been investigated. For metallic deposits where high
conductivity is desired, gallium FIBID is advantageous, since
co-implanted gallium increases the metal content thus improv-
ing the conductivity. In contrast, FEBID generally results in
lower metal contents, both due to the nature of the electron
beam-based deposition reaction as well as due to the absence of
a co-implanted metal species. In helium and neon FIBID experi-
ments by Wu et al. using the standard platinum-based precursor,
a number of nanowires were deposited and their resistivities
were measured [239]. It was found that the helium FIBID nano-
wires had rather high room-temperature resistivities (i.e., low
conductivity), similar to those obtained using FEBID. In
contrast, the resistivities of the neon FIBID nanowires were
found to be significantly lower. TEM elemental analysis
showed that the platinum content of the nanowires was actually
about the same in each case (15-16%); the observed difference
was the microstructure. For the helium FIBID nanowires, small
platinum nanocrystals (about 3 nm in diameter) in a carbon
matrix were observed, whereas for the neon FIBID nanowires

slightly coarser nanoparticles in the carbon matrix (about
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Figure 7: Examples of helium and neon FIBID. (a) Platinum-based line deposits fabricated using helium FIBID demonstrating a half-pitch down to

8 nm. Adapted with permission from Cambridge University Press, [232], Scipioni et al., A Design-of-Experiments Approach to Characterizing Beam-In-
duced Deposition in the Helium lon Microscope, Microscopy Today, 19(3), 22-26. Copyright 2011 Microscopy Society of America. (b) Reproduction of
a 13th century painting of a Chinese poet using helium FIBID with line widths down to 10 nm. Adapted from [235]. Copyright © 2012 Wiley Periodicals,
Inc. Used with permission from Alkemade et al., Imaging and Nanofabrication With the Helium lon Microscope of the Van Leeuwenhoek Laboratory in
Delft, Scanning, John Wiley and Sons. (¢) Horizontally grown platinum-based nanopillars using helium FIBID. Adapted with permission from [236].
Copyright 2015 American Vacuum Society. (d) Cross-section through a 3D Monte Carlo simulation of a helium FIBID nanopillar colorized according to
the particles inducing the deposition: red (primary ions), yellow (secondary electrons - first generation), green (forward-scattered ions), cyan (second-
ary electrons - second generation). Adapted from [224], Chen et al., Nanopillar growth by focused helium ion-beam-induced deposition, Nanotechnol-
ogy, Vol. 21(45), 455302, first published 14 October 2010. Copyright © 2010 IOP Publishing Ltd. Reproduced with permission. All rights reserved.

(e) Hollow tungsten-based nanopillar fabricated using helium FIBID, imaged by STEM. Adapted with permission from [238]. Copyright 2013 American
Vacuum Society. (f) TEM analysis of platinum-based in-plane nanowire deposits fabricated using helium FIBID (left) and neon FIBID (right). Adapted
from [239], Wu et al., Synthesis of nanowires via helium and neon focused ion beam induced deposition with the gas field ion microscope, Nanotech-
nology, Vol. 24(17), 175302, first published 2 April 2013, Copyright © 2013 IOP Publishing Ltd. Reproduced with permission. All rights reserved.

(g) Helium FIBID using a liquid precursor capped by a silicon nitride membrane: Nanoparticles are first seeded at pre-defined locations using point
exposures, then the beam is rastered over the full area for controlled growth/imaging (colorized HIM images for two successive time points are
shown). Adapted with permission of Royal Society of Chemistry, from [240], Building with ions: towards direct write of platinum nanostructures using in
situ liquid cell helium ion microscopy, levlev et al., 9(35), Copyright 2017; permission conveyed through Copyright Clearance Center, Inc.

(h) Branched nanopillars obtained by helium FIBID of an insulator precursor, imaged by (S)TEM. Adapted from [241]. Copyright 2021 Allen, licensed
under a Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0/. (i) Tungsten-based nanodots fabri-
cated using helium FIBID serving as alignment markers for electron tomography. Adapted from [242], Micron, 50, Hayashida et al., High-precision
alignment of electron tomography tilt series using markers formed in helium-ion microscope, 29-34, Copyright (2013), with permission from Elsevier.
(j) Local modulation of the dielectric properties of a photonic crystal with platinum-based nanopillars fabricated using helium FIBID. Adapted from
[219] by permission from Springer Nature and with kind permission from the author P.F.A. Alkemade, Applied Physics A, Focused helium-ion-beam-
induced deposition, Alkemade, P.F.A., and Miro, H. Copyright 2014 Springer-Verlag Berlin Heidelberg, Copyright P.F.A. Alkemade. (k) High-resolu-
tion STEM analysis of a portion of a tungsten-based nanopillar grown vertically by helium FIBID. Adapted from [243]. Copyright 2020 Cérdoba et al.,
licensed under a Creative Commons Attribution 4.0 International License, https://creativecommons.org/licenses/by/4.0/. (I) Tungsten-based nanohelix
fabricated using helium FIBID (with platinum contacts). Adapted with permission from [244]. Copyright 2019 American Chemical Society. Further
permissions related to the material excerpted should be directed to the ACS. (m) Platinum-based deltahedron fabricated using helium FIBID. Adapted
from [245]. Copyright 2020 Belianinov et al., licensed under a Creative Commons Attribution 4.0 International License, https://creativecommons.org/
licenses/by/4.0/. The content of (a), (b), (c), (d), (e), (f), (9). (i), (j) and (I) is not subject to CC BY 4.0.
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4.5 nm in diameter) were present (Figure 7f). Thus, the differ-
ence in conductivities was attributed to the difference in plati-
num particle size, with the larger particle size in the neon case
proposed to be due to the reduced range of those ions and thus
higher density of energy deposition (neon ion stopping being
dominated by nuclear scattering, as opposed to electronic scat-
tering for helium).

Precursor choice also has a significant effect on the resistivity.
For example, in work using a cobalt-based precursor, helium
FIBID achieving high-purity low-resistivity metallic nanowires
was demonstrated, with TEM analysis revealing cobalt nano-
crystallites of ca. 6 nm diameter and negligible carbon content
[233]. Crucially, this work showed that by appropriate choice of
the precursor, both high-resolution and high-purity deposits can
be obtained using the helium FIBID method. Very recently,
differences in composition and resistivity for tungsten-based
nanowires depending on whether the deposition was performed
in-plane onto the substrate or vertically in a nanopillar geome-
try were highlighted, pointing to differences in the relative
contributions of the various beam—sample interactions in each
case [234].

The precursor also needs not be a gas. In work by Ievlev et al.,
helium FIBID using a liquid precursor has been demonstrated
[240]. In this setup, an in situ liquid cell is filled with a liquid
precursor and capped with a 50 nm thick silicon nitride
window. The helium ion beam is focused onto the window at
pre-defined locations to seed nanoparticles on the back side
(i.e., in the liquid) and the ion beam is then rastered over the
window for controlled growth of the deposits and imaging
(Figure 7g). An advantage of this approach over the usual
gaseous precursor method is that the purity of the deposits can
be greatly enhanced. For example, using a K;PtClg liquid pre-
cursor, the researchers demonstrated platinum deposit purities
of 95%.

As for the deposition of insulating materials, FIBID using noble
gas beams has the natural advantage of being able to create
insulating deposits without any trace of implanted metallic
species. Indeed, helium and neon FIBID of pad structures using
the precursor pentamethylcyclopentasiloxane has been shown to
yield resistivities two to three orders of magnitude higher than
those achieved by gallium FIBID [199]. Helium FIBID of
nanopillars using an insulator precursor has also been shown to
result in the formation of side branches on the main body of the
pillar, attributed to a charging effect [192,241] (Figure 7h).

Applications of helium FIBID
Early on, the fabrication of nanodots by helium FIBID was

demonstrated as a technique to obtain fiducial markers at pre-
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defined locations to be used to align image series for TEM to-
mography [231,242] (Figure 7i). The use of helium FIBID to
pattern seed layers for subsequent growth by atomic layer depo-
sition has also been explored [235,247]. However, the most
active area of research using helium FIBID has been based on
the fabrication of nanopillars. For example, platinum-based
nanopillars have been used to modulate the dielectric constant
of individual holes in a photonic crystal [219]. This was
achieved by suspending the photonic crystal above a substrate
and growing the nanopillars onto that substrate such that they
protruded into the holes of the photonic material (Figure 7j).
Helium FIBID nanopillars have also been grown onto atomic
force microscopy (AFM) cantilevers to create sharp tips with
high aspect ratios [248]. And the horizontal nanopillar growth
method mentioned previously has been used to grow even
narrower tips with a perpendicular bar shape at the end to create
hammerhead probes for AFM [236].

The phenomenon of hollow helium FIBID nanopillars has been
used by Cérdoba et al. for the fabrication of superconducting
hollow tungsten-based crystalline nanowires (tungsten contents
of up to 70 atom %) [226]. The structures were grown verti-
cally and then laid down onto substrates for four-point-probe
magnetotransport measurements. The particular supercon-
ducting behavior of these hollow nanostructures, observed upon
cooling to 6.4 K, has been attributed to the pinning of supercon-
ducting vortices along a single line in the core, creating a quasi-
1D superconductor. A study of the effect of current and dose on
the lateral dimensions of the hollow nanopillars, together with
further microstructural analysis, can be found in [243]. From
this work, the high degree of crystallinity of the vertically
grown tungsten-based nanowires can be seen in the high-resolu-
tion STEM image of Figure 7k. The fabrication of elegant 3D
superconducting tungsten-based nanohelices has also been
demonstrated, achieving ultrasmall helix diameters and pitch
[244] (Figure 71). In another helium FIBID superconductivity
application, this time using in-plane deposition, tungsten-based
nanowires up to 390 um in length were deposited in order to
connect to niobium thin-film islands, to fabricate hybrid micro-
wave resonators [249]. The superconducting properties of tung-
sten-based in-plane helium-FIBID nanowires have been further
investigated in [234].

Finally, experimental investigations supported by Monte Carlo
simulations are underway to enable helium FIBID of complex
nanopillar-based 3D mesh objects with sizes in the submicrom-
eter domain [245] (Figure 7m).

Conclusion and Outlook
The impact of the helium ion microscope, since it was intro-

duced in 2007, has been far-reaching. In addition to its unique

656



properties as an imaging instrument, it has enabled funda-
mental study of a variety of physical processes and the fabrica-
tion of nanoscale structures and devices not possible by other
means. As this review article has described, these applications
make use of localized irradiation over a wide range of ion
doses, generating point defects for various forms of defect engi-
neering, implanting ions to form nanobubbles for basic research
into the irradiation response of materials, inducing subsurface
swelling for patterning by nanoscale tumefaction, re-structuring
materials externally by ion-induced mass transport and inter-
nally by collisional mixing, inducing stress gradients for con-
trolled deformation of membranes, patterning resists for ad-
vanced ion beam lithography, and at the highest doses, selec-
tively removing material by ion milling and adding material by
gas-assisted deposition to fabricate a range of nanostructures for

device prototyping that is truly at the cutting edge.

Future exciting avenues to pursue include continued develop-
ment of in situ platforms for additional control over the sample
environment and for real-time characterization of property
effects, novel applications of irradiation-induced phenomena
and FIB-based nanofabrication aided by extension of the avail-
able energy range of the ions to both higher and lower values,
and further development of 3D nanofabrication techniques to
propel breakthroughs in the 3D nano realm.
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Abstract

Electron backscatter diffraction (EBSD) is a powerful characterization technique which allows the study of microstructure, grain
size, and orientation as well as strain of a crystallographic sample. In addition, the technique can be used for phase analysis. A mir-
ror-flat sample surface is required for this analysis technique and different polishing approaches have been used over the years. A
commonly used approach is the focused ion beam (FIB) polishing. Unfortunately, artefacts that can be easily induced by Ga FIB
polishing approaches are seldom published. This work aims to provide a better understanding of the underlying causes for artefact
formation and to assess if the helium ion microscope is better suited to achieve the required mirror-flat sample surface when oper-
ating the ion source with Ne instead of He. Copper was chosen as a test material and polished using Ga and Ne ions with different
ion energies as well as incident angles. The results show that crystal structure alterations and, in some instances, phase transformat-
ion of Cu to Cu3Ga occurred when polishing with Ga ions. Polishing with high-energy Ne ions at a glancing angle maintains the
crystal structure and significantly improves indexing in EBSD measurements. By milling down to a depth equaling the depth of the
interaction volume, a steady-state condition of ion impurity concentration and number of induced defects is reached. The EBSD
measurements and Monte Carlo simulations indicate that when this steady-state condition is reached more quickly, which can be

achieved using high-energy Ne ions at a glancing incidence, then the overall damage to the specimen is reduced.

Introduction

The helium ion microscope (HIM) has sparked interest in many  [10-15], defect engineering [16,17], and recently for material
disciplines since its commercial release in the first decade of the  analysis [18,19]. The extended range of applications in which
21st century [1]. From its beginnings as primarily an imaging the second-generation HIM (Orion Nanofab) is used for nowa-

tool [2-9] it was established as a key tool in nanofabrication days is supported by using up to three different ion species (He,
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Ne, and Ga). The versatility in its application can be under-
stood when considering ion—solid interactions which occur
when an energetic ion interacts with a specimen. An overview
of the different interaction types is illustrated in Figure 1. The
ions, irrespective of the ion species, interact with the sample
atoms via nuclear and electronic interactions. The electronic
interactions lead to secondary electron emission and polymeri-
zation while the nuclear interactions lead to sputtering, sample
atom displacements, replacement collisions, vacancy formation,
and a collision cascade as well as backscattered ions, secondary
ion emission, and ion implantation. A more detailed description
of ion-solid interactions can be found in [20,21]. The differ-
ence between different ion species, energies, and incident
angles lies in the statistics of the ion—solid interactions and de-
termines the application space for ion species. Higher energy
(25-30 keV) He ions predominantly interact via electronic
interactions while Ga ions of the same energy predominantly
interact via nuclear interactions, making the latter an ideal
candidate for sputtering applications. Neon interacts almost
equally via electronic and nuclear interactions at those energies
and allows for fast material removal per incident ion. As an
inert ion species, neon has been proven advantageous for pro-
cessing semiconducting materials in which Ga induces sample
alterations and material behavior changes due to doping [22].
Not all nuclear interactions lead to sputtering. If the sample
atom cannot be removed from the sample because of insuffi-
cient energy transfer or because the sample atom cannot exit the
sample due to its sub-surface position, defects such as intersti-
tials or vacancies can be created [23]. This can induce a signifi-
cant amount of crystal structure alterations in a sample and thus
artefacts. While these artefacts are well recognized for transmis-
sion electron microscopy (TEM) lamella preparation, in which
the lamella preparation steps are designed to reduce the thick-
ness of the amorphous layer on each side of the TEM lamella
and to minimize artefacts [24], procedures and induced arte-
facts for other techniques such as electron backscatter diffrac-
tion (EBSD) polishing are not well documented in the literature.

The work presented here looks at the ion-beam-induced arte-
facts when polishing copper for EBSD measurements for differ-
ent ion species (Ga, Ne) as well as polishing protocols. EBSD is
a characterization technique in scanning electron microscopes
(SEMs) that allows for the study of microstructure, local
texture, grain size and orientations, as well as the strain of crys-
talline samples [25]. A detailed overview of this technique can
be found in [26]. EBSD can be used for phase identification,
which makes it a powerful complementary technique to energy-
dispersive X-ray spectroscopy (EDS) and wavelength disper-
sive spectroscopy (WDS). The sample surface is convention-
ally tilted to 70° for the measurement and the backscatter

diffraction of the SEM beam electrons leads to the formation of

Beilstein J. Nanotechnol. 2021, 12, 965-983.
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Figure 1: lllustration of the underlying ion—solid interactions that occur
when irradiating a sample with different ion species. The incident ions
(black) can interact via inelastic (top left inset) or elastic collisions (top
right inset) with the sample atoms (blue). As a result of the inelastic
interactions, secondary electrons (1) can be generated or polymeriza-
tion (2) can occur. The elastic interactions can lead to sputtering (3),
vacancy formation (4), displacements (5), phonons (6), backscattered
ions (7), and ion implantation (8). The number of the different interac-
tions created are given for different ion species when considering
10,000 incident ions impacting on a silicon sample. These numbers
were obtained from SRIM simulations.

Kikuchi patterns on the EBSD phosphor screen which are char-
acteristic of the crystal structure and orientation of the sample at
the scan point. EBSD is a surface-sensitive technique and the
signal comes from approximately the first 20 nm of the sample
[27]. A thorough sample preparation and mirror-finished polish
without inducing a significant number of artefacts in the sam-

ple top layer is, therefore, required for this technique.

Numerous sample preparation procedures exist to achieve the
required mirror finish of the sample surface. Depending on the
material, mechanical polishing [28], electropolishing [29], or
ion polishing [30] are the key techniques. A thorough overview
of the different EBSD preparation techniques can be found else-
where [31]. Throughout the past years, Ga-focused ion beam/
scanning electron microscopes (Ga FIB/SEMs) have been used
to polish samples [32,33]. Although it is recognized within the
FIB community that Ga can induce artefacts in the sample [34-
37], many of the encountered artefacts, which can potentially

lead to misinterpretation of the results, are unfortunately never
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published. Besides the initial study by Michael [34], which
showed that Ga ion polishing can phase transform Cu to Cu3Ga
as well as a follow up study investigating microtextural modifi-
cations in samples when using a Ga FIB [35], a recent study re-
ported transformations of a crystal structure from hep to fcc
when polishing Ti with a FIB [38]. The work presented here
looks at ion—solid interactions and aims to provide a better
understanding of FIB polishing-induced artefacts. The work
aims to assess if Ne is a more suitable ion species than Ga for
EBSD sample preparation. Cu has been previously reported to
phase transform under Ga FIB polishing and conventional Cu
TEM grids are, therefore, used here as a test material and are
polished using Ga and Ne ions of different energies, incident
angles, and ion doses. Both normal and glancing angles are in-
vestigated, the former for completeness and to allow compari-
son to literature and the later since it is the conventionally used
geometry for polishing. Changes in the crystal structure, which
would lead to altered EBSD results, are assessed by EBSD mea-
surements as well as by scanning transmission electron micros-
copy (STEM), TEM, TEM selected area electron diffraction
(SAED), and TEM dark-field (DF) measurements. The results
for each experiment are compared to those of a non-irradiated
area of the Cu TEM grid. Monte Carlo simulations of the occur-
ring ion—solid interactions are evaluated to determine the result-
ing interaction volume of the ions for the various conditions as
well as vacancy formation and implanted impurity concentra-
tion. In addition, the achieved results are compared to those
achieved by the conventionally used argon ion polishing (PIPS)
and electropolishing approaches.

30 keV Ga

20 nm

100 nm

Beilstein J. Nanotechnol. 2021, 12, 965-983.

Results and Discussion

To assess the impact of polishing samples for EBSD with a
focused ion beam, Cu TEM grids were polished using different
ion species (Ga, Ne) at different energies and incidence angles.
A schematic overview of the experiments is given in Figure 2.
STEM, TEM, SAED, as well as EBSD measurements were per-
formed to assess if and how the crystal structure of the sample
was altered during different polishing procedures. For each
sample, EBSD measurements were performed on the bulk
specimen, thus the native Cu TEM grid serves as a true control
sample. Thin foils of each specimen were then prepared using
FIB for the TEM measurements. For each sample, the results
were evaluated and compared to an unpolished area on the Cu
TEM grids (control experiments). To ensure that the FIB TEM
lamella preparation does not affect the TEM measurements of
the crystal structure, TEM foils were additionally prepared
using PIPS and electropolishing. The measurements and com-
parison of the FIB-prepared TEM lamella as well as the elec-
tropolished and PIPS-prepared thin foils are given in the Sup-
porting Information File 6 and show that the FIB preparation of
the thin foils for the TEM and STEM analysis did not produce
artefacts that would compromise the TEM analysis. Monte
Carlo simulations were performed using the program Stopping
and Range of Ions in Matter (SRIM) to better understand the
underpinning ion—solid interactions for the different settings
[22]. The extent of created dislocations, vacancies as well as ion
impurity concentration within the smaller of either the EBSD
information depth (20 nm) or interaction volume depth are eval-
uated and correlated to the experiments.

25 keV Ne

Figure 2: lllustration of the experimental polishing setup for the different ion species, ion energies, and incident angles. The experiments with Ga ions
are displayed in blue on the left. The experiments using Ne ions are displayed in grey on the right. The EBSD signal depth is highlighted by the trans-
parent rectangle. The SRIM-simulated ion trajectories for the different ion species, ion energies, and incident angles are shown in red.
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Non-irradiated copper

To verity the original specimen structure, TEM electron diffrac-
tion on thin foils as well as EBSD measurements on the bulk Cu
TEM grid sample were performed and the results analyzed.
While the EBSD measurement of the non-irradiated copper
shows the original sample crystal structure, and can be consid-
ered as a true control sample, the TEM thin foils were prepared
using FIB.

The STEM (Figure 3a) measurements were taken in the Ga
FIB/SEM and the TEM measurements (Figure 3b) were per-
formed on the FIB-prepared thin TEM lamella to visualize the
original grain structure on the sample surface. The correspond-
ing SAED pattern is shown in Figure 3c. The SAED pattern was
inverted for better visibility here. The angles o and  between
the reflections were both measured to be 45° and the distance
ratio of the reflections determined to be 1.4, suggesting a fcc
crystal structure with [100] zone axis (ZA). The measured
d-spacing for dyyp o = 0.133 nm is in agreement with the
reported d-spacing for Cu with dgp = 0.1278 nm according
to the International Centre for Diffraction Data (ICDD,
PDF number 00-004-0836). The measured d-spacing for

.
o (00 (022)

Cu ZA [100]

10 1/nm
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dopz2,g = 0.192 nm is slightly larger than the reported value of
dop2,cy = 0.181 nm for Cu; however, within an acceptable
discrepancy. It is likely that the stamping process used to create
TEM grids has induced this strain and the result is not unex-
pected.

An EBSD orientation map of the non-irradiated copper sample
was recorded over a 39 um field of view using a 39 nm step
size on a sufficiently flat sample area for 14.5 h. 20% zero solu-
tions we returned for that specific area. Most areas on the sam-
ple returned up to 80% zero solutions under the same condi-
tions due to the roughness of the surface sample (see below
Figure 7). The inverse pole figure (IPF X) is shown in
Figure 3d. The band contrast and grain boundary map overlay is
shown in Figure 3e. A statistical evaluation of the grain bound-
aries shows that ~8% of the grain boundaries are low-angle
grain boundaries (LAGB). These are displayed in yellow in
Figure 3e. High-angle grain boundaries (HAGB) which are
displayed in red in Figure 3e correspond to 92% of the grain
boundaries. These values serve as reference values throughout

the work against which the ion-irradiation-induced effects are

evaluated. All values can be found in Table 1.

Figure 3: STEM, TEM, and EBSD measurements of an unpolished Cu control sample. (a) 30 kV STEM image showing a cross-sectional sample view
of the Cu sample and the protective Pt-rich layers deposited with the ion beam and electron beam during TEM lamella preparation. (b) TEM image
showing a cross-sectional sample view. (c) An inverted SAED pattern recorded underneath the sample surface. (d) IPF X EBSD orientation map.

(e) Overlay of the band contrast and grain boundary map. HAGB are displayed in red, LAGB are displayed in yellow. The EBSD measurements were

recorded on a sufficiently flat area.
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Table 1: Summary of the results for different polishing experiments. The impurity concentration, sputtering yield (SY), Cu atom displacements, phase,
high-angle grain boundaries and low-angle grain boundaries as well as the defect percentage determined from SRIM simulations, TEM, and EBSD

measurements are given for different polishing experiments.

Polishing experiment Impurity concentration SY  Cu atom displacements Phase HAGB % LAGB %
30 keV Ga 2247 and 3371 ions/nm? 12-36% 10 138 CuszGa 56 44

2 keV Ga 2247 ions/nm?, glancing angle 100% 5 22 CuzGa 83 17

25 keV Ne 2247 and 3371 ions/nm?2 100% 4 180-266 Cu 33 64

25 keV Ne 2247 ions/nm? glancing angle 12% 12 17 Cu 92 8
control experiment bulk non-irradiated NA NA NA Cu 92 8

10 s electropolished Cu NA NA NA Cu 61 39

PIPS NA — NA Cu 87 13

Non-irradiated copper: electropolishing and
Ar ion polishing

To evaluate the effect of electropolishing and argon ion polish-
ing on EBSD measurements, the Cu sample was polished using
these conventional techniques. The measurements as well as the
corresponding measurements for the unpolished control sample

10s el. polish  unpolished

PIPS

are given in Figure 4 to enable a direct comparison. While a sig-

nificant reduction in zero solutions (4%) and thus a well-

indexed EBSD map (Figure 4g) could be achieved by electropo-
lishing the sample for 10 s, a higher number of LAGB (67%)
were found in comparison to the control sample (Figure 4f). In

addition, the kernel average misorientation (KAM) map,

120

240

11

Figure 4: EBSD measurements of unpolished, electropolished, and low-energy Ar ion-polished Cu sample. Top row: sufficiently smooth area on an
unpolished Cu sample. (a) FSD image showing the sample surface. (b) Overlay of the band contrast and grain boundary map. HAGB are displayed in
red, LAGB are displayed in yellow. (c) IPF X EBSD orientation map. (d) KAM map. Blue indicates a lower kernel average misorientation, green corre-
sponds to a higher kernel average misorientation. Middle row: 10 s electropolished Cu sample. () FSD image showing the sample surface. Surface
alterations such as voids are highlighted by white arrows. (f) Overlay of the band contrast and grain boundary map. HAGB are displayed in red, LAGB
are displayed in yellow. (g) IPF X EBSD orientation map. (h) KAM map. Blue indicates a lower kernel average misorientation, green corresponds to a
higher kernel average misorientation. Bottom row: PIPS polished Cu sample. (j) FSD image showing the sample surface. (k) Overlay of the band
contrast and grain boundary map. HAGB are displayed in red, LAGB are displayed in yellow. (I) IPF X EBSD orientation map. (m) KAM map. Blue in-

dicates a lower kernel average misorientation, green corresponds to higher kernel average misorientation.
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(shown in Figure 4h) shows a higher level of misorientation
compared to the control sample. This suggests that the used
electropolishing protocol induced some artefacts in this sample
which could lead to misinterpretation for stress/strain analysis
of the sample. The forward scatter diffraction (FSD) image
(Figure 4e) shows void formation on the sample surface and
significant sample surface alterations close to the area that was
polished. These surface alterations become less severe at larger
distances from the central polished area as evidenced in the top
right corner of the FSD image. The results suggest that electrop-
olishing yields well-indexed EBSD maps. However, the in-
duced changes in the crystal structure make the used electropol-
ishing protocol not feasible for stress and strain analysis of the

Cu sample.

Argon ion polishing of the Cu sample produced better results
than electropolishing. The FSD image (Figure 4j) reveals grains
and does not show obvious sample surface alterations in com-
parison to the electropolishing approaches. While the number of
LAGB with 17% in the grain boundary map (Figure 4k) is still
slightly larger than that for the control experiment, it is lower
than the observed number for electropolishing. The level of
misorientation in the KAM maps (Figure 4m) is significantly
reduced in comparison to the electropolishing KAM maps.
However, it is still larger than that for the original control ex-
periment suggesting that some changes to the crystal structure
were induced by this polishing approach. While a well-indexed
EBSD map (Figure 41) could be recorded, the induced crystallo-
graphic artefacts could mean a challenging stress/strain analy-
sis.

Irradiation of copper at 0° incidence angle

To assess the effect of ion irradiation, the copper TEM lamella
grids were irradiated with Ga ions using a Ga FIB/SEM or Ne
ions using HIM. An ion dose of 3371 ions/nm? was chosen to
allow a comparison with a previously reported study on Ga-in-
duced phase transformations in copper [34]. A lower ion dose
(2247 ions/nm?) was also evaluated as it corresponds to the
dose that is achieved for commonly reported EBSD polishing
time values over larger areas [39].

30 keV Ga ion irradiation at 0° incidence angle

The ion trajectory plot (Figure 2) obtained using SRIM shows
that the interaction volume depth of the 30 keV Ga ions in Cu is
~25 nm and is in the same range as the EBSD signal informa-
tion depth of 20 nm. Throughout the interaction depth,
786 vacancies are created per incident ion while ten atoms are
sputtered. The total number of induced defects and number of
implanted ions is limited in FIBs that are optimized for pattern-
ing applications (such as Ga FIB/SEM or HIM when operated

with Ne). The highest concentration of ion implantation and

Beilstein J. Nanotechnol. 2021, 12, 965-983.

defects is reached once the sample has been milled down to a
depth which corresponds to the interaction volume depth. This
is referred to as the steady-state condition. The time it takes to
mill the sample to that depth and until the steady-state condi-
tion is reached determines the maximal area of specific ion
implantation concentration. The calculations presented here de-
termine the upper limit since sputtered and backscattered ions
are not considered here. To determine the time until this steady-
state condition is reached when using 30 keV Ga ions at a
frontal irradiation, the copper sample was milled for 3 min
using a 0.3 nA beam current (1872 ions per 1 ps) and the milled
depth was measured by TEM for different grains (see Support-
ing Information File 1). Both the TEM image and the FSD
image, the latter is recorded with the EBSD detector and high-
lights the surface topography, show the different milling depths
for different grains. Faster milling grains were milled to a
226 nm depth. The steady-state condition is reached after 20 s
for those grains. A total of 3.8 x 10!9 Ga ions will interact with
the sample in that area during this time when irradiating a
100 um? area. This is a significantly high number of implanted
Ga atoms when considering that only 2.1 x 10'! Cu atoms are
present within a volume determined by the interaction volume
depth (=25 nm) and the 100 pm? size of the irradiated area, cor-
responding to ~18% of impurity concentration. The number of
copper atoms within the volume was calculated using the
copper mass density of 8.93 x 103 kg/m? and its atomic mass of
63.55 g/mol. For the slower milling grain, which only milled to
a depth of 110 nm during the irradiation, the steady-state condi-
tion is reached significantly later within ~40 s, allowing for up
to 7.6 x 109 Ga ions to be implanted in these grains. This cor-
responds to a 36% of impurity concentration and would be
sufficiently high to form a Cu3Ga phase. This value represents
an average and does not take random elements of the Ga distri-
bution into account. The simulation results suggest that phase
transformations are not likely to occur homogeneously throug-
hout the sample but rather are confined to grains with a lower
sputtering rate. Both estimated concentration values are well
within the published range of 1 to 50 atom % [40].

To experimentally assess the impact, the copper TEM grid was
irradiated with 30 keV Ga ions at a 0° incident angle. Throug-
hout the irradiation process changes in the ion image contrast
occur with darker patches forming in the irradiated area in the
ion channeling images. A detailed discussion on channeling
contrast and the effect of grain orientation on milling speed can
be found in [35]. The different stages of dark patch formation
are shown in Figure 5a—c and a video of the occurring sample
change is given in Supporting Information File 2. The patches
appear to nucleate around the grain boundaries at the darker
grains within the sample and then gradually increase in size and

merge. The patches are highlighted with blue arrows in

970



Prior to polish

b . ) ".\ &\
30keV Ga "

Beilstein J. Nanotechnol. 2021, 12, 965-983.

&‘i

Increase in ion dose

Figure 5: lon channeling images showing the changes in ion channel contrast upon Ga irradiation. 30 keV Ga 0° incidence irradiation (a—c) as well as
2 keV Ga 88.5° incidence irradiation (d) are shown. (a) Start of the 30 keV Ga 0° incidence irradiation, (b) intermediate ion dose delivered, (c) irradia-
tion dose of 3371 ions/nm? delivered. (d) 2 keV Ga 88.5° incidence irradiation with a delivered irradiation dose of 2247 ions/nm?2.

Figure 5b and Figure 5c. The darker grains are the slower
milling grains [11] which can accumulate a higher Ga impurity
concentration according to the calculations above. To verify
this, EDS measurements (see Supporting Information File 3)
were performed on a Ga irradiated area on slower and faster
milling grains. These grains can easily be distinguished in SEM
images due to their significant height differences. The Ga peak
can be clearly identified in the measurements on the slower
milling grain suggesting a significantly higher amount of
incorporated Ga in those grains. A careful assessment of
the ion channeling images and corresponding dose (see video
Supporting Information File 2) suggests that significantly
large dark patches are already present at an ion dose of
2247 ions/nm? which is below the previously reported ion dose
of 3371 ions/nm? [24] (see Figure 5¢). The impurity concentra-
tion for the slow milling grains is 25% when using this lower
ion dose and would be sufficiently large to allow the formation
of the Cu3Ga phase.

To evaluate if a significant phase transformation and sample al-
teration occur at a lower ion dose than previously reported, the
two different ion doses (2247 ions/nm? and 3371 ions/nm?)
were assessed individually and the results compared. TEM
lamellae were prepared for irradiated areas and STEM, dark-
field and bright-field measurements as well as TEM SAED
measurements were performed to evaluate the crystal structure
underneath the irradiated area. The corresponding measure-
ments are shown in Figure 6a—h. The SAED patters are inverted
for better visibility in both cases. For the lowest ion dose of
2247 ions/nm? (Figure 6e—h) the STEM measurements
(Figure 6e) show a distinct layer of grains directly on the
sample surface. This layer (highlighted by the blue arrows)
is several hundreds of nanometers thick and significantly
larger than the interaction volume. The TEM image (Figure 6f)
shows a different behavior in comparison to the control sample,

with more dislocations, defects, and precipitates (indicated

by arrows) visible. The SAED pattern (Figure 6g) shows
that the sample is crystalline. The angles between the
reflections were determined to be o = 32° and f = 58°. The
distance ratios between the reflections were determined
to be C/A = 1.6 and C/B = 1.89 suggesting a hcp structure
with [210] ZA (see Figure 6h for the simulated SAED
pattern) or potentially a distorted fcc structure with [112]
ZA. The measured d-spacing values of dpi o = 0.135 nm,
dpkg = 0.114 nm, dygyc = 0.215 nm match the reported
distances dlio =0.130 nm, d3, = 0.111 nm, dypp= 0.211 nm
for the Cu3Ga phase (PDF number 04-020-0557) more closely
than those reported for Cu (dpy = 0.128 nm, dpy = 0.109 nm,
dhiag = 0.209 nm). For a higher ion dose of 3371 ions/nm?, the
STEM measurements (Figure 6a) also show a layer of small
grains directly underneath the irradiated surface which is
distinctly different from the non-irradiated copper sample. TEM
analysis (Figure 6b) of the irradiated sample shows many
defects and precipitates. The defects and precipitates appear
more pronounced for this higher ion dose experiment. The cor-
responding electron diffraction pattern is shown in Figure 6c.
The angles between the reflections were determined to be
o = 60°. The distance ratios between the reflections were deter-
mined to be A/B = 1 suggesting a hcp structure with [001] ZA
or a fcc structure with [111] ZA. The measured d-spacing of
dpia,A = 0.225 nm, matches the reported d-spacing values of
dioo = 0.226 nm for the CuszGa phase. The simulated SAED
pattern is shown in Figure 6d. It is distinctly different from
those reported for Cu (d,5, = 0.1278 nm). This is in good

agreement with previous reports [34].

To evaluate the effect on the EBSD measurements and to verify
the Cu3Ga phase with an additional independent technique, dif-
ferent areas were irradiated with the lowest and the highest ion
dose and the EBSD orientation and phase maps were recorded
and evaluated. The measurements and evaluations are shown in

Figure 7a—c. The figure insets show the experiments with the
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Figure 6: STEM, TEM, SAED, and simulated SAED patterns for the different ion irradiation approaches. (a—d) 30 keV Ga, 0° incidence irradiation,
3371 ions/nm? delivered. (a) STEM showing the cross-sectional view of the irradiated sample. The orange arrows indicate the presence of a thin grain
layer present on the sample surface. (b) The blue arrows in the TEM image highlight defects and precipitates. (c) A SAED pattern. (d)The correspond-
ing SAED pattern simulation. (e—h) 30 keV Ga, 0° incidence irradiation, 2247 ions/nm? delivered. (¢) STEM showing the cross-sectional view of the
irradiated sample. The orange arrows indicate the presence of a thin grain layer present on the sample surface. (f) The blue arrows in the TEM image
highlight defects and precipitates. (g) A SAED pattern. (h) The corresponding SAED pattern simulation. (j-m) 25 keV Ne, 0° incidence irradiation,
2247 ions/nm? delivered. (j) A TEM image showing Ne bubble formation underneath the sample surface within the interaction volume. (k) A TEM
image showing a cross-sectional sample view. Defects and precipitates are highlighted by blue arrows. (I) A SAED pattern of the irradiated area.

(m) The corresponding SAED pattern simulation. (n—p) 25 keV Ne, 0° incidence irradiation with 3371 ions/nm? and 2247 ions/nm? doses. (n) A TEM
image showing Ne bubble formation underneath the sample surface within the interaction volume. (0) A SAED pattern of the irradiated area. (p) The
corresponding SAED pattern simulation. (g—t) 2 keV Ga, 88.5° incidence irradiation, 2247 ions/nm? delivered. (q) STEM DF measurement overlaid
with 10 thresholded Ga TruMap (black regions) showing the cross-sectional view. (r) TEM measurement of the irradiated area in a cross-sectional
view. Defects and precipitates are highlighted by blue arrows. (s) A SAED pattern of the irradiated area. (t) The corresponding SAED pattern simula-
tion. (u-w) 25 keV Ne, 88.5° incidence irradiation, 2247 ions/nm? delivered. (u) A TEM measurement showing the cross-section of the irradiated area.
(v) A SAED pattern of the irradiated area. (w) The corresponding SAED pattern simulation.

lowest ion dose. The 0° incidence angle milling creates a strong  overlay of the FSD image with the phase map. A strong surface
surface topography in both cases, as evidenced in the forward topography was expected as different grain orientations mill at

scatter diffraction image (Figure 7a). Figure 7a shows an different rates. As a result of the induced strong topography, a
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Figure 7: EBSD measurements and evaluation for different ion irradiation approaches. (a—c) 30 keV Ga, 0° incidence irradiation: The main images
correspond to the highest ion dose of 3371 ions/nmZ2. The insets correspond to the lowest ion dose of 2247 ions/nmZ2. (a) Forward scatter diffraction
image overlaid with the phase map. Blue corresponds to Cu, red corresponds to the CuzGa phase. (b) Zero solution map. The zero solutions are indi-
cated by green points. (c) KAM map overlaid with the grain boundary map. Blue indicates a lower kernel average misorientation, green corresponds to
a higher kernel average misorientation. HAGB are shown in red. LAGB are shown in yellow. (d-h) 25 keV Ne, 0° incidence irradiation with

3371 ions/nm? and 2247 ions/nm? doses. (d) IPF X orientation map showing two irradiated areas as well as the unpolished Cu sample surrounding
the areas. (e,g) Band contrast and grain boundary maps. HAGB are displayed in red, LAGB are displayed in yellow for 3371 ions/nm? (e) and

2247 ions/nm? (g). (f,h) KAM maps for 3371 ions/nm? (f) and 2247 ions/nm? (h). A higher misorientation in both KAM maps is shown in green.

(i-m) 2 keV Ga, 88.5° incidence irradiation with 2247 ions/nm2: EBSD and ion channeling measurements of 2 keV Ga glancing angle irradiated area
with 3371 ions/nmZ. (j) Overlay of an FSD image with a phase map. Blue corresponds to the Cu phase, red corresponds to the CuzGa phase. (k) IPF
X orientation map. (I) Band contrast and grain boundary map. HAGB are displayed in red, LAGB are displayed in yellow. (m) KAM map, green shows
higher misorientation. (n—q) 25 keV Ne, 88.5° incidence irradiation with 2247 ions/nm?2. (n) FSD image showing the polished and unpolished sample
surface. (o) IPF X orientation map showing a polished and unpolished area on the sample. (p) Band contrast and grain boundary map of a polished as
well as unpolished region on the sample. HAGB are displayed in red, LAGB are displayed in yellow. (q) KAM map of a polished as well as unpolished
region on the sample. A higher kernel average misorientation is shown in green.
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lot of the regions cannot be indexed, returning twice the amount
of zero solutions for the pattern indexing when compared to an
unpolished area close by on the sample. The extent of the zero
solutions can be seen in Figure 7b where the areas of zero solu-
tions are displayed in green. This effect is not surprising and the
samples are rarely polished with a 0° incidence angle for this
reason. The phase map (Figure 7a) clearly shows that both the
copper (blue) as well as CuzGa (red) phase are present within
the irradiated area in both cases. The Cu3Ga phase is located at
topographically higher regions as evidenced in the overlay with
the FSD. These regions mill at a reduced rate and the steady-
state condition is reached later, allowing for a higher Ga impu-
rity implantation concentration. The experimental result is in
good agreement with the theoretical prediction from the Monte
Carlo simulation and subsequent calculations. The CuzGa
phase-transformed regions are larger for the highest ion dose
when compared to the lowest ion dose. This is expected as more
ions were implanted in the overall sample during the polishing
process for the highest ion dose when considering not a single
grain but rather a multitude of grains, in which each one reaches
the steady-state condition at different times. This result is in
good agreement with the observed dark patch growth in the ion
channeling images. The kernel average misorientation map and
grain boundary map overlay (Figure 7c) shows a higher local
misorientation and low-angle grain boundaries within the topo-
graphically higher regions, suggesting a higher number of
defects and strain in those regions. A higher misorientation is
represented by green areas in the KAM map. This result is in
good agreement with the TEM measurements which also
showed an increased defect density. The faster milling grains
are indexed as the Cu phase. This was expected from the calcu-
lations as the maximal Ga implantation concentration is below
the critical threshold required to phase transform to CuszGa. The
KAM and grain boundary evaluation do not show significant
strain in these regions. The maximal number of defects and
implantation concentration is lower for these faster milling
grains as the steady-state condition is reached earlier and less
defects are created.

The experiment shows that phase transformations of Cu to
Cu3zGa can occur within 2 to 3 min when polishing samples
using a Ga FIB. The phase transformations occur in slower
milling grains. The calculations suggest that a concentration of
~36% of Ga can be found within these topographically higher
regions which exceeds the required concentration threshold to
form the CuzGa phase. In addition, a higher strain and defect
density can be observed here suggesting significant crystal
structure alterations. Faster milling grains, however, do not
reach this critical concentration and phase transformations. In
addition, significant crystal structure changes could not be ob-

served in the EBSD measurements for those grains. The mea-

Beilstein J. Nanotechnol. 2021, 12, 965-983.

surements suggest that the damage and occurring phase trans-
formation are linked to the speed at which the steady-state
condition can be reached. For a steady-state condition that is
reached sufficiently quickly (fast milling grains), sample altera-
tions can be avoided.

25 keV Ne ion irradiation at 0° incidence angle

Ga as an ion species causes problems with phase transformat-
ions from copper to CuzGa. Using a different ion species holds
the potential to avoid this problem and Ne, as an inert ion
species, appears as a suitable candidate. To test if Ne is suitable
to polish the copper sample for EBSD measurements, the
copper TEM grid was irradiated using two different ion doses
3371 ions/nm? and 2247 ions/nm? at a 0° incidence angle. An
acceleration voltage of 25 kV is a commonly used operating pa-
rameter for patterning with neon and was chosen for that reason
in these experiments. To achieve 30 keV Ne ions, the extractor
would have to be raised to >37.5 kV which can lead to source
blunting of a newly installed source. The value of 25 keV is
sufficiently close to enable a comparison with the 30 keV Ga

and allows for an easy and safe operation.

The Monte Carlo simulations show that the interaction volume
of 25 keV Ne ions extends beyond the EBSD signal depth (see
Figure 2). A total of 532 vacancies are produced per incident Ne
ion. However, a significant portion of the vacancies are created
below the EBSD signal depth (Supporting Information File 4),
in contrast to Ga ions. The combination of these two effects
suggests that only 1/3 of the vacancies (266 vacancies per inci-
dent ion) are created within the EBSD signal depth in compari-
son to the 30 keV Ga ion irradiation. Only four atoms are statis-
tically sputtered per incident 25 keV Ne ion. This is significant-
ly less than that for Ga (ten Cu atoms are sputtered per incident
ion). The combination of a lower sputtering rate and a larger
interaction volume depth for Ne is expected to result in an
overall higher ion implantation concentration for Ne as the
steady-state condition is reached later. To determine the dose
required to reach the steady-state condition, the sample was
irradiated with 3371 ions/nm? and a TEM lamella was prepared.
The depth for a slow milling grain was measured to be 144 nm
in the cross-sectional view. Considering that the interaction
volume depth is 70 nm, the steady-state condition is reached at
a dose of 1638 ions/nm?. Throughout this time, 1.64 X 101 Ne
ions interact with the sample and implant in the sample. This is
approximately the number of Cu atoms in the EBSD depth
(2.1 x 10! Cu atoms).

The TEM lamellae were prepared from both the lowest ion dose
irradiated area (2247 ions/nm?) as well as the highest ion dose
irradiated area (3371 ions/nm?). The TEM measurements and

diffraction patterns are shown in Figure 6. The TEM measure-
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ments of the lowest dose (2247 ions/nm?) irradiated area, see
Figure 6k, show a higher defect concentration in comparison to
the control sample. A significant amount of twinning can be ob-
served at the grain boundaries. The corresponding SAED
pattern for the lowest ion dose irradiated area (2247 jons/nm?)
is given in Figure 61. The angles between the reflections were
determined to be a = 34° and f = 71° and the distance
ratio to A/B = 1.67 suggesting an fcc phase with [310] ZA.
The corresponding SAED simulated pattern is shown in
Figure 6m. The measured reflexes were dpgj o = 0.187 nm and
dpxy g = 0.112 nm which correspond to those reported for Cu
(dpo2,cu = 0.181 nm and dT317Cu =0.109 nm). The deviation of
the d-spacing for the (002) reflection was also observed for the
non-irradiated control experiment. The TEM measurements of
the highest dose (3371 ions/nm?) irradiated area (see Figure 6n)
show a significantly higher number of defects and line defects
in comparison to the control sample. The corresponding SAED
pattern is given in Figure 60. The angles between the reflec-
tions were determined to be a = 52° and B = 70° and the dis-
tance ratio to A/B = 1.15 suggesting an fcc phase with [011] ZA.
The corresponding simulated SAED pattern is given in
Figure 6p. The measured reflections were dpig A = 0.217 nm and
dpi1 B = 0.189 nm which correspond to those reported for Cu
(leLCu =0.209 nm and dpgg,cy = 0.181 nm). The distances as
well as the angles between the reflections show deviations from
the expected literature values. For example, the (200) and the
(111) reflections show deviations of ~0.01 nm. This behavior
was previously observed for the (200) reflection only in the
control sample. The enlarged d-spacing values for the (111)
reflection suggest additional strain within the lattice. Further-
more, satellite peaks can be seen around the major reflections
for this higher ion dose. To further assess the additional reflec-
tions, dark-field images were recorded for a satellite peak (see
Figure 8a and Figure 8b). The bright areas in the dark-field
image, which correspond to the satellite peak, are located
around the grain boundaries and extend several hundreds of
nanometers into the sample. A total of 4.36 x 10'3 vacancies are
created within the EBSD signal depth until the steady-state
condition is reached. This suggests that every Cu atom would
statistically be displaced 266 times during the irradiation
process. These extremely high numbers of implanted Ne and
created defects are likely the cause of the significant crystal al-
terations observed in the TEM measurements here. The calcula-
tions presented above concern a specific grain which was milled
more slowly than other grains. According to this calculation, the
steady-state condition is reached before the lowest ion dose is
delivered. It would, therefore, be expected that the lowest and
highest ion doses would yield the same result. The calculation,
though, represents only a single measured grain and does not
consider faster milling grains or grains which were milled

slower. These grains would reach the steady-state condition at
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different stages and the delivered ion dose may make a big
difference for those grains and would explain the observed
results. Overall, the highest ion dose would produce more
defects and a higher impurity concentration when averaged over
many different grains which agrees with the TEM results. A 0°
incidence irradiation with Ne produces bubbles directly under-
neath the sample surface (Figure 6j). The depth of the bubble
layer directly corresponds to the interaction volume depth and
the size of the bubbles corresponds to the distribution of ion
ranges. Bubble formation is a well-documented artefact for
He [41]. It is not surprising to find this for Ne considering
the excessive number of implanted Ne ions resulting in oversat-
uration and hence bubble formation for this polishing proce-
dure.

To evaluate the effect on the EBSD patterns, EBSD orienta-
tion maps for both the highest (3371 ion/nm?) and lowest
(2247 ions/nm?) ion dose irradiated areas were recorded and
evaluated. In both cases, the amount of zero solutions could be
reduced by 1/3 and the patterns indexed within the polished
area. The IPF X orientation map of the irradiated areas and the
surrounding unpolished Cu is given in Figure 7d. A careful
evaluation of the grain boundaries in both cases shows a signifi-
cantly higher percentage of LAGB (see Table 1) with 66%
when compared to the control sample with 8%. The evaluation
was performed on EBSD measurements of individual areas to
avoid contributions from the non-irradiated areas of the sample
shown in Figure 7d. The band contrast and grain boundary
maps for the irradiated areas are shown in Figure 7e and
Figure 7g. The LAGB are displayed in yellow and the HAGB
are displayed in red. The KAM maps (Figure 7f and Figure 7h)
show a significantly higher level of misorientation in the irradi-
ated sample (shown in green in the map). The measurements
suggest changes in the microstructure and this is in good agree-
ment with the TEM measurements which suggested a higher
defect density and presented satellite peaks in the SAED pattern
for the highest ion dose irradiation. Even though phase transfor-
mations could not be observed, significant crystal structure al-
terations as well as Ne bubble formation throughout the EBSD
signal depth occurred when processing the sample at a 0° inci-
dence angle, suggesting that this setting is unsuitable and can
lead to EBSD result misinterpretation, especially for strain and
deformation analysis.

Glancing angle irradiation of copper

Polishing samples at glancing angles with Ga FIBs using low
energies, often for prolonged periods of time, is commonly re-
ported [42,43]. The polishing performance of Ga FIB as well as
of HIM operated with Ne was tested for glancing angle irradia-
tion. The different irradiation measurements are illustrated in

Figure 2.
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Figure 8: TEM measurements of a 25 keV Ne 0° incidence (top row) as well as 2 keV Ga 88.5° incidence (bottom row) irradiated Cu sample in a
cross-sectional view. (a) Bright-field image of a satellite peak for the Ne-irradiated sample. (b) DF image of the satellite bright-field peak for the
Ne-irradiated sample. (c) DF image of the main reflection. (d) DF image of the satellite reflection.

2 keV Ga ion irradiation at a glancing angle

The Monte Carlo simulations (Figure 2) show that the interac-
tion volume of the 2 keV Ga ions is reduced to the top of the
EBSD signal information depth with ~3 nm when using
glancing angles. This suggests that a significant portion of the
sample should be unaltered in the EBSD signal volume.

As phase transformations started to occur for the lowest ion
dose, the lowest dose of 2247 ions/nm? was used here. To irra-
diate a 100 pm? area with 2247 ions/nm?, a longer irradiation

time is required for the glancing angles in comparison to a 0°

incidence angle irradiation. This can be understood when
considering the projection of the irradiation area on the actual
sample area. The area on the sample itself is larger as a result of
the glancing angle which is illustrated in Figure 9. The total ir-
radiation time of 33 min was used and was determined in a pre-
experiment in which the polished area on the sample was
measured. This approach was chosen, rather than determining
the required time via calculation, since small deviations in the
glancing angle have a large effect on the actual irradiated area
and, therefore, on the required dose. For example, a glancing
angle of 86.5° would result in a 1650 um? area while an 88.5°
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Figure 9: lllustration showing the enlarged irradiation area resulting
from polishing at glancing angles. The scan size remains unchanged in
the y-direction which is indicated by purple lines. The irradiated area is
increased in size in the x-direction as a result of the projection of the
setup irradiation area onto the tilted sample surface (light orange
lines).

angle would result in a 3820 um? area. The TEM copper grids
can be slightly tilted in a holder and since such small angular
changes have significant effects, a more accurate pre-experi-
mental verification was used to determine the time required for
delivering 2247 ions/nmZ2. Polishing times on the order of
30 min at glancing angles are often reported in the literature
and, therefore, represent a meaningful parameter. The height
difference was measured to be 26 nm in TEM images for slower
milling grains which means that the steady-state condition is
reached after 228 s. Throughout this time, 4.27 x 10! Ga ions
interact with the sample and this represents the upper limit for

Ga impurity concentration in the sample. There are only
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4.19 x 10'! Cu atoms within the volume defined by the irradi-
ated area (1650 pmz) and the interaction volume depth is 3 nm.
While the majority of the sample should remain unaltered, there
is, in theory, an excessively high Ga impurity concentration in
the top layer which is above the Ga concentration threshold re-
quired to form a CuzGa phase. The Monte Carlo simulations
suggest that 22 vacancies are created per incident ion. As a
result, 9.4 x 1012 vacancies are created within the first 3 nm
until the steady-state condition is reached. This number is larger
than the actual number of Cu atoms, suggesting that every Cu
atom is dislocated approximately 22 times from a lattice posi-
tion. The calculation suggests that the Cu atoms are drastically
moving throughout the irradiation process but are less often dis-
placed in comparison to 30 keV Ga (see Table 1). The sput-
tering rate is significantly reduced with five Cu atoms per inci-
dent ion in comparison to the frontal irradiation with 30 keV Ga
ions (see Table 1). The resulting slower milling leads to an in-
creased time until the steady-state condition is reached and,
therefore, higher defect density and impurity concentration are
expected.

Throughout the experimental ion irradiation process, changes in
the ion image contrast occur with darker stripes forming within
the grains in the irradiated area (see Figure 5d). They cover
24% of the irradiated area. This value was determined using a
threshold analysis in the image analysis program FIJI. The
measured width of the stripes ranges from 70 to 150 nm. The
corresponding FSD measurement (Figure 7j) shows that these
stripes are closely related to differences in the sample topogra-

phy.

A TEM lamella was prepared from the top part of the irradiated
area and diffraction patterns underneath the evaluated sample
surface. The TEM image (see Figure 6r), recorded directly
underneath the sample surface shows a significant number of
defects and precipitates. The SAED pattern (Figure 6s) shows a
distinctly different behavior of both the control experiment and
the 30 keV Ga 0° incidence angle irradiation experiment, with
satellite reflections surrounding the main reflection. A similar
diffraction pattern was previously observed for the periodic
antiphase structure of CuAull [42]. It is unlikely that the reflec-
tions are caused by oxide growth on the free Cu surface. If the
satellite reflexes were caused by double diffraction (first from
the Cu layer and then from the oxide layer) the satellite peaks
would be observed for all lamellae as they were all prepared
equal. The satellite peaks would also be present on both the irra-
diated as well as the non-irradiated area of the TEM lamella.
For TEM lamella preparation, the irradiated area was immedi-
ately covered with a protective layer in situ, making oxidation
unlikely. The angles between the reflections were measured to
be o =55° and B = 62° and the ratio of distances determined to
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be A/B = 1.05 for the main reflection. The pattern matches best
a hep structure with [011] ZA. The corresponding simulated
SAED pattern is given in Figure 6t. The next best possible
candidate would be a drastically distorted fcc structure with
[114] ZA. The angles of a = 65° and B = 50° as well as the ratio
of A/B = 1.17 for the fcc structure are significantly different,
making this an unlikely candidate. A comparison between the
reported d-spacing values for Cu (dpg,ao = 0.128 nm and
dpk1,A = 0.109 nm) and the measured d-spacing values
dpig,a = 0.220 nm and dyq g = 0.201 nm shows a significant
mismatch, suggesting that the SAED pattern does not corre-
spond to a Cu fcc structure with a [114] ZA. Instead, the pattern
matches the diffraction pattern for the Cu3Ga phase with a [011]
ZA. The measured d-spacing values match the reported
d-spacing values d g = 0.225 nm and d,;7 = 0.200 nm for the
CuszGa hcp structure. To further evaluate the satellite peaks,
dark-field images were recorded for the main reflection peak
and the satellite peak. The corresponding measurements are
shown in Figure 8c and Figure 8d. The image shows that small
clusters light up in the dark-field image of the satellite peak
which have similar sizes as the observed stripes in the ion chan-
neling image in Figure 6r. Anti-phase domains, which have
been reported to produce such satellite spots in intermetallics
such as CuAull [44] can be understood as planar crystallo-
graphic defects. In anti-phase domain regions, every atom sits
on its anti-site which can be imagined as a region consisting of
anti-site defects. These regions could have been formed as a
result of the high Ga implantation concentration and induced
dislocations/vacancies within this area. The same behavior was
observed for the 25 keV Ne 0° incidence angle irradiation for
which an equally high number of implanted ions and defect for-
mation was observed.

The TEM measurements show that defects and precipitates
occur predominantly around grain boundaries and that these
features can be found at a significant distance below the sample
surface. The evaluation of the SRIM simulation suggested that
each copper atom is displaced around 22 times during the pol-
ishing process. A high enough Cu atom as well as Ga ion
mobility is likely to move ions as well as displaced Cu atoms
into grain boundaries. Grain boundaries can facilitate transport
deeper into the material and this could significantly alter the
sample below the initially expected 3 nm alteration layer and
would explain the position of defects/inclusions in the TEM
images and bright clusters in the dark-field image. To assess
this theory, EDS measurements were performed on the TEM
lamella using 30 keV electrons. An overlay of a dark-field
STEM image and the background-subtracted, peak-deconvo-
luted, 1o-thresholded EDS Ga map (Tru map) is shown in
Figure 6q. The different grains are clearly visible in the DF
STEM image. The overlay shows that the Ga (black spheres)
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can end up several hundreds of nanometers below the sample
surface along the grain boundaries. A sufficiently high Ga con-
centration can be reached in some areas and a phase transfor-
mation can occur much deeper within the sample than initially
anticipated with 3 nm. The measurement shows that the initial
assumption of a limited damage layer of 3 nm is incorrect.
However, those sample alterations can occur throughout the en-
tire EBSD signal depth (and beyond) once the Ga migrates

along the grain boundaries.

To evaluate the effect on the EBSD pattern, an orientation and
phase map of an irradiated area was recorded. Less surface to-
pography was induced in comparison to a 0° incidence irradia-
tion which allows better indexing and a significantly lower zero
solution return (zero solution by ~66% in comparison to the sur-
rounding area). The overlay of the FSD image with the phase
map (Figure 7j) shows that the Cu3Ga phase can be found
within the topographically higher regions. The same behavior
was also observed for the frontal irradiation with 30 keV ions
suggesting that 30 min polishing with Ga ions at glancing
angles can induce phase transformations on copper in slower
milling grains. This is in good agreement with the initial calcu-
lations suggesting that a sufficiently high Ga impurity concen-
tration is reached within the top layer of the EBSD signal depth
during the irradiation process for those grains. The phase-trans-
formed areas are significantly smaller in comparison to the
30 keV Ga frontal polishing. A reason as to why this is could be
the differences in the final sample topography after polishing.
The resulting topographically higher regions are significantly
smaller in area when polishing at glancing angles with 2 keV
Ga, as evidenced in the FSD image (Figure 7j). This limits the
area size in which a phase transformation to CuszGa can occur.
This effect would explain why the overall phase-transformed
area is significantly smaller here despite a resulting higher Ga
impurity concentration in comparison to the 30 keV Ga frontal
polishing. It is plausible that the excess of Ga ions are incorpo-
rated into the lattice once the required impurity concentration
for a phase transformation to CuzGa is locally reached. The
evaluation of the grain boundaries shows distinct deviations
from the control sample. A significantly higher amount of
LAGB is now present in the sample (see Figure 71), with 17%
in comparison to 8% observed for the control sample. The per-
centage of the different grain boundaries can be found in
Table 1. LAGB can be indicators of recrystallization processes
and can be observed for materials with higher defect densities.
The KAM map (Figure 7m) shows a higher level of misorienta-
tion in the irradiated sample (shown in green in the map). This
is in good agreement with the TEM measurements. It is not
surprising to see alterations to the crystal structure as a result of
the ion—solid interactions, especially considering the resulting

impurity concentration and number of created defects. While a
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well-indexed EBSD map can be obtained using this polishing
technique, significant crystal structure alterations as well as
localized phase transformations occur making this approach
unsuitable for polishing Cu samples without inducing signifi-
cant sample alterations.

25 keV Ne ion irradiation at 88.5° glancing angle

Since EBSD polishing is conventionally done at glancing
angles, the Cu sample was irradiated with Ne at a glancing
angle. Ne ions at 25 keV were used for these experiments. This
setting was chosen over a lower ion energy as the interaction
volume depth for both 25 keV Ne ions as well as 10 keV Ne
ions (lowest possible ion landing energy) extends beyond the
EBSD signal depth. Furthermore, the extractor voltage would
need to be lowered to achieve sub-10 keV ion energies which
significantly compromises Ne stability during the time-
consuming polishing process and which should be avoided to
ensure an even polishing. Furthermore, the sputtering yield for
10 keV Ne ions at an 88.5° glancing angle incidence is eight
and thus smaller than that for 25 keV Ne ions. This would lead
to a higher required dose to reach the steady-state condition and

thus has the potential to create more defects.

The Monte Carlo simulations (Figure 2) show that the interac-
tion volume of 25 keV Ne ions extends only marginally beyond
the EBSD signal depth with 30 nm. The number of vacancies
that are induced within the EBSD signal length is significantly
reduced with ~170 vacancies per ion while the number of sput-
tered atoms (12 atoms per incident ion) is the highest for the
different polishing setups. The sputtering rate limits the overall
number of created vacancies as well as the ion implantation
concentration. A milling depth of 220 nm was achieved during
the irradiation and significant topographic differences between
grains were not observed. The steady-state condition is reached
after 3.0 x 10'0 Ne ions have interacted with the sample. This
corresponds to a maximal impurity concentration of 12% which
is significantly lower than that for a 0° incidence irradiation.
Throughout this time, each Cu atom is displaced from its lattice
site 17 times. Both the resulting impurity concentration as well
as the number of created Cu displacements/vacancies are the
lowest for this polishing experiment in comparison to the
frontal Ne polishing and all Ga polishing experiments (see
Table 1).

The cross-sectional view of the TEM measurement of the irradi-
ated area is shown in Figure 6u. A significant number of defects
and interstitials cannot be observed here and indeed the sample
has a similar appearance of the control experiment. The SAED
pattern (Figure 6v) was recorded in a position underneath the
sample surface on the prepared TEM lamella. The angles were

determined to be a = 52° and B = 70° and the distance ratio
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A/B = 1.15 suggesting an fcc phase with [101] ZA. The corre-
sponding simulated SAED pattern is given in Figure 6w. The
d-spacing values were measured to be dpy; = 0.215 nm and
dhx = 0.189 nm which are in agreement with those reported for
Cu (lel,Cu =0.209 nm and dsgp cy = 0.181 nm). The diffrac-
tion pattern corresponds to that of the copper phase with a [101]
ZA. The deviation for the (200) reflection was also observed for
the control sample and the results are overall in good agree-
ment with the control experiment, suggesting that no signifi-
cant crystal structure alteration occurred using this polishing
protocol. Bubble formation could not be observed in the TEM
images. The impurity concentration is likely not high enough
for the required supersaturation and subsequent bubble forma-
tion. Furthermore, the reduced range of Ne ions at glancing
angles would produce bubbles directly underneath the sample
surface rather than at a significant distance underneath the sam-
ple surface. The closest distance to the sample surface, from
which gas bubbles could escape, as well as the highest removal
rate of atoms at the sample surface (due to the highest sput-
tering yield, see Table 1) are both likely to contribute to a lower
overall amount of Ne accumulation in the sample, making

bubble formation as well as interstitials less likely.

The FSD image of the sample (Figure 7n) shows the difference
between the polished and unpolished sample area. The EBSD
IPF X orientation map (Figure 70) of non-polished sample areas
as well as a 10 um wide polished stripe show that a significant
improvement in indexing can be achieved when polishing the
sample with 25 keV Ne ions at a glancing angle. Overall, zero
solutions could be halved. An evaluation of the grain bound-
aries (see Figure 7p) shows that 92% of the grain boundaries are
high-angle grain boundaries and 8% are low-angle grain bound-
aries which is in good agreement with the control experiment.
The KAM map (Figure 7q) shows no difference in misorienta-
tion between the sample and the polished area, suggesting that
significant changes to the crystal structure were avoided.

The results suggest that Ne ions are a suitable ion species to
polish copper for EBSD measurements. Phase transformations
to CujzGa could be avoided by using the inert ion species.
Crystal structure alterations could be avoided when polishing at
high energy at glancing angles. The measurements and Monte
Carlo simulations suggest that significant crystal structure
alterations occur for a sufficiently high ion implantation con-
centration as well as defect formation within the sample. Mini-
mizing these is essential to avoid ion-beam-induced artefacts for
EBSD measurements and polishing with higher energy Ne ions
(25 keV) at glancing angles achieves exactly this.

To verify if Ga milling would lead to similar significant arte-
facts in 3D EBSD applications when using a Ga FIB/SEM, the
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intersection of the irradiated Cu and the non-irradiated Cu was
analyzed. TEM lamellae were prepared containing regions of
both polished and unpolished sections of the sample. The
altered area could only be found directly underneath the
polished area and did not appear to significantly extend side-
ways for this material (see Supporting Information File 5) when
using high-energy (30 keV) Ga ions. The ion-beam-exposed
area was milled away and was not considered in EBSD mea-
surements for 3D reconstructions. This concept is illustrated in
Supporting Information File 6. This would explain why prob-
lems have not yet been reported with 3D EBSD. Considering
the migration of ions along the grain boundaries, a more thor-
ough assessment of potential sample alterations depending on

the ion species should be carried out in future.

Conclusion

The presented results show that ion beam polishing can induce
artefacts which can easily lead to misinterpretation of EBSD
measurements. The often-used Ga FIB polishing can induce
phase transformation as well as significant changes in the
crystal structure, even for polishing with lower ion energies at
glancing angles as shown in this work for simple samples, such
as Cu. While well-indexed EBSD maps could be achieved using
electropolishing and PIPS, both methods introduced crystallo-
graphic artefacts in the sample, leading to a higher number of
LAGB and a higher KAM. The results suggest that polishing
with high-energy Ne ions (25 keV) at glancing angles signifi-
cantly improves indexing without changing the crystal structure
of the sample. A detailed study on microtextural modifications
and texture development with respect to easy channeling direc-
tion as well as a function of grain size should be carried out in
different materials in the future. The evaluation of the experi-
mental results and the Monte Carlo simulations suggest that
impurity concentration as well as atom displacements within the
sample are the key drivers for phase change and significant
crystal structure changes. Minimizing the resulting ion implan-
tation concentration as well as the number of displacements per
individual sample atom within the EBSD signal depth is essen-
tial to avoid artefacts. This is achieved by quickly reaching the
steady-state condition. The results show that the high sputtering
yield of the 25 keV Ne when polishing at glancing angles leads
to a quickly achieved steady-state condition which limits impu-
rity concentration as well as atom displacements within the
sample. This work shows that the HIM operated with Ne is a
suitable instrument for EBSD sample preparation and it is able

to prepare perfect samples for EBSD investigations of Cu.

Experimental
Control experiment

To study the native crystal structure of the sample, EBSD mea-

surements were performed on a conventional bulk copper TEM
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grid (Omniprobe Cu TEM grids) which had not been irradiated

by ions.

Irradiation of copper

Conventional copper TEM grids (Omniprobe Cu TEM grids)
were irradiated using different ion species (Ga and Ne), differ-
ent incident ion energies (30, 25, and 2 keV), different doses
(3371 and 2247 ions/nm?), as well as different incidence angles
(0° incidence and glancing angle irradiation). The irradiation
experiments were performed using the Zeiss Orion Nanofab
Helium Ion Microscope (Ne) as well as the Thermo Fisher,
Scios (Ga) FIB/SEM.

Lamella preparation using FIB and TEM

The TEM lamellae were prepared using the Thermo Fischer
Scios Ga FIB/SEM. The irradiated area was identified by using
SEM (30 kV acceleration voltage, 25 pA) and a lamella was
prepared such that half of the TEM lamella had an irradiated
area while the other half of the lamella had a non-irradiated area
for the control measurement. This approach was chosen
to ensure that the TEM lamella preparation did not alter the irra-
diation area in any way and that all regions surrounding
the irradiated area were equivalent on the sample. A >500 nm
thick platinum layer was deposited using the electron beam
(2 keV, 2.3 nA) to protect the sample surface from any poten-
tial ion beam alteration throughout the subsequent processes,
including the ion-solid interactions which occur with the
sample during the first few moments of the ion beam deposi-
tion that could alter the sample surface. A further 1 pm thick
platinum layer (16 um long, 2 um wide) was then deposited
using the ion beam (30 kV acceleration voltage, 0.3 nA beam
current). The cross-sections were cut using a 30 kV accel-
eration voltage and 7 nA beam current. The region of
interest was then cut out and lifted onto a TEM grid where it
was subsequently thinned using 0.5 nA and 0.1 nA beam
current at a stage tilt of £1.8° from the perpendicular ion
beam incidence until the electron transparency was reached
for 5 keV electrons (SEM). The lamella was then polished with
the ion beam using a 5 kV acceleration voltage and 16 pA
beam current and subsequently with 2 kV acceleration voltage
and 27 pA beam current at a stage tilt of +6° from the
perpendicular ion beam incidence. The 2 kV polish was per-
formed to reduce the damage layer on each side of the TEM
lamella.

Alternative TEM lamella preparation: argon
ion milling

To ensure that the FIB TEM lamella preparation did not alter
the crystal structure for the TEM measurements, additional thin
foils were prepared using argon ion mill, which is considered

a conventional TEM sample preparation technique. For the
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argon ion milling, a Gatan PIPS was used. The conventional
copper TEM grids (Omniprobe Cu TEM grids) were thinned
down using the following steps: 4 keV, 5° top, 3° bottom, 3 rpm
for 30 min followed by 2.5 keV, 4° top, 2° bottom, 3 rpm for
5 min and subsequently 0.5 keV, 5° top, 3° bottom, 3 rpm for
3 min.

Electropolishing

Conventional copper TEM grids (Omniprobe Cu TEM grids)
were electropolished using a Fishione Instruments Model 120
twin-jet polisher. An 82 wt % of phosphoric acid bath was used
for the experiments. The samples were polished using 1-8 V
DC using the speed 4 polish 1 settings. The recipe for copper
samples was provided in the user manual of the system. The
sample was polished for 10 s for EBSD measurements. An
additional sample was electropolished for 15 s to electron
transparency to create a control sample for the TEM measure-
ment.

Transmission electron microscopy

All TEM measurements were performed using a JEOL 2100
TEM. Electron diffraction measurements were performed using
alpha 2, spot 4, condenser aperture 4, and no objective aperture.
The TEM imaging was performed using alpha 2 spot 1,
condenser aperture 4, and objective aperture 1. Centered dark-
field imaging was performed using alpha 2 spot 1, condenser
aperture 4, and a sufficiently small objective aperture which

allowed to select the satellite peaks.

Scanning transmission electron microscopy
All STEM measurements were performed inside the Thermo
Fischer Scios Ga FIB/SEM using the STEM detector with
exception of the STEM/EDS combined measurement which
was performed using the Tescan S8000X Xe plasma FIB/SEM.
In both cases a 30 kV acceleration voltage was used.

Electron backscatter diffraction

All EBSD measurements were performed on a bulk Cu TEM
grid specimen to ensure that the sample was not altered or
processed in any way other than by the ion irradiation itself.
The EBSD measurements were performed using an Oxford
Symmetry EBSD detector on a Tescan S8000X Xe plasma FIB/
SEM. The EBSD maps were recorded using the following SEM
parameters: 20 kV, 300 pA, 6 mm WD, and 70° pre-tilted sam-
ple holder.

The following EBSD detector parameters were used for all
EBSD experiments: resolution mode, 50 ms exposure time,
solver settings: optimized TKD solver and 10 Hough bands. For
larger area maps (non-polished sample, all Ne-irradiated sam-

ples) with a 39 um field of view, a 39 nm step size was used. In
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addition, maps with a field of view of 15 pm were recorded for
the statistical evaluation of all irradiated areas. A 15 nm step

size was used for these measurements.

Energy-dispersive X-ray spectroscopy

The EDS point spectra were recorded using an Oxford Ultim
Max 100 EDS detector on the Tescan S8000X Xe plasma
FIB/SEM. The EDS maps were background subtracted and
peak deconvoluted (TruMap). In addition, a 1o threshold was
applied to ensure that only statistically significant data was
included in the maps. The SEM parameters (30 kV acceleration
voltage and 1 nA beam current) were chosen in the analytical
mode.

Supporting Information

Supporting Information File 1

STEM image showing a cross-sectional view of an
jon-polished Cu sample (30 keV Ga, 3371 ions/nm?).
Differences in the milling depth for different grains are
visible.

[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-73-S1.tif]

Supporting Information File 2

Ion channeling video showing a Cu sample changing
during Ga ion polishing.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-73-S2.mp4]

Supporting Information File 3

Energy-dispersive X-ray point spectra recorded on a slower
milling grain and on a faster milling grain of a 30 keV Ga
ion-polished Cu sample. A dose of 3371 ions/nm? was used
for the polishing experiment.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-73-S3.png]

Supporting Information File 4

SRIM simulation showing vacancies for 25 keV Ne ion
irradiation of Cu at a 0° incidence angle.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-73-S4.bmp]

Supporting Information File 5

STEM image showing the interface of a non-irradiated area
and a 30 kV Ga 0° incidence irradiated area.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-73-S5.tif]
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Supporting Information File 6

SAED patterns of a non-irradiated Cu sample prepared by
electropolishing, PIPS, and FIB. In all cases, the SAED
pattern matches that of Cu. (a) Electropolishing, the SAED
pattern matches the [110] ZA for Cu. The measured
d-spacing for dypp o = 0.177 nm is slightly smaller than the
reported value of gy cy = 0.181 nm for Cu (PDF number
00-004-0836); however, within an acceptable discrepancy
for this d-spacing. The measured d-spacing for dy1-; g =
0.209 nm matches the reported value of d111 ¢y = 0.209 nm.
(b) PIPS, the SAED pattern matches the [310] ZA for Cu.
The measured d-spacing for dj3; o = 0.209 nm matches the
reported value of dq11,cy = 0.209 nm. The measured
d-spacing for dypo g = 0.189 nm is slightly larger than the
reported value of dygy cy = 0.181 nm for Cu (PDF number
00-004-0836); however, within an acceptable discrepancy
for this d-spacing. (c) FIB-prepared TEM lamella, the
SAED pattern matches the [100] ZA for Cu. The measured
d-spacing for dpy o = 0.133 nm is in good agreement with
the reported value of dgsy ¢y = 0.128 nm for Cu

(PDF number 00-004-0836). The measured d-spacing for
doo2,B = 0.192 nm is slightly larger than the reported value
of dyoz,cy = 0.181 nm for Cu (PDF number 00-004-0836),
however; within an acceptable discrepancy for this
d-spacing. The SAED measurements recorded on all the
TEM lamellae which were prepared using different
methods are in good agreement, suggesting that the FIB
TEM lamella preparation did not significantly alter the
TEM measurement results.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-12-73-S6.tif]
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