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Nanotechnology and functional nanostructures, exciting trends
of the 21st century, are topics that have penetrated and influ-
enced nearly all areas of human activity: from microelectronics
to biology, from aerospace to medicine, from agriculture to
novel materials engineering. One of the areas of nanoscience
and nanotechnology that is developing especially rapidly is
research on functional nanostructures for targeted applications.
One of the most important and promising of these targeted ap-
plications are superconducting spintronic nanostructures for

supercomputers of novel, “post-Moore” generation.

The exponential development of microelectronics and comput-
ers, based on traditional semiconductor chips, has followed the
empirical Moore’s Law (formulated by one of the founders of
Intel Corporation, Gordon Moore) for over four decades. Since
1965, Intel has designed chips that fit twice as many transistors
into the same space of the chip every two years, following an
exponential curve — this size shrinking of permanent transistors
has made computers more powerful and compact. Nevertheless,
in the last decade, a clear deviation has appeared — a slowing of

Moore’s Law. Bob Colwell, the architect on the Pentium Pro,
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Pentium II, Pentium III and Pentium IV, described the stagna-

tion of semiconductor technology as follows [1]:

“Officially Moore’s Law ends in 2020 at 7 nm, but nobody
cares, because 11 nm isn’t any better than 14 nm, which was
only marginally better than 22 nm ... thermal dissipation issues
thoroughly constraining the integration density, the multicore
era effectively ends, leading to the “dark silicon” problem, i.e.,

only parts of available cores can be run simultaneously”.

Energy efficiency has now become a crucial parameter, limiting
the advancement of supercomputers. The powerful, modern
supercomputer, the Sunway Taihu Light [2], with a peak perfor-
mance of 93 peta FLOPS (93 x 10! floating point operations
per second) has an energy consumption as high as 15.4 MW.
This corresponds to a power plant capacity able to supply
energy to a middle-sized city!

The low energy efficiency leads to high power consumption,

and at the same time, limits the clock frequency of semiconduc-

tor computers to 4-5 GHz. This frequency limit occurs due to
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temperature limitations posed at the integration level and the

switching rate of transistors.

It is important to realize that cryogenic cooling of semiconduc-
tor chips will not solve the problem [3]. The future of high-per-
formance computing will most likely be associated with one of
the alternative “post-Moore’s” technologies where energy dissi-
pation is drastically lower. It is expected that the most promis-
ing “post-Moore’s” candidate to lead the technological way is
superconductor digital technology (SDT) [4]. The switching
energy of the SDT basic element is on the order of 107! J (in-
cluding the power for cryogenic cooling of superconducting
circuits), which demonstrates an energy efficiency of up to
seven orders of magnitude as compared to the semiconductor
analog [5]. The competitiveness of SDT illustrates a working
prototype for a superconducting computer developed under the
“Cryogenic computing complexity” IARPA program [6]. This
is a 64-bit computing machine operating at a 10 GHz clock fre-
quency with a throughput of 10'3 bit-op/s and an energy effi-
ciency of 105 bit-op/J at a temperature of 4 K. A prospective
investigation found that a superconductor computer could
outperform its semiconductor competitor by two orders of mag-
nitude in energy efficiency, demonstrating 250 GFLOPS/W [7].
The base elements of the superconductor computer are super-
conductor logic and memory circuits, where some of these
prospective examples and the technological processes related to

their fabrication are presented in this thematic issue.

In the last decade, very rapid development in a subfield of solid-
state physics and engineering — superconducting spintronics
based on functional nanostructures consisting of alternating
layers of ferromagnetic and superconducting materials — has
been observed. Due to the proximity effect of superconductor/
ferromagnetic (S/F) layers and Andreev reflection of Cooper
pairs at the S/F interface, a number of new phenomena were
first theoretically predicted and then experimentally detected.
Some examples include a nonuniform superconducting
Fulde—Ferrell-Larkin—Ovchinnikov (FFLO) state, S/F m-junc-
tions, oscillations of critical temperature and critical current in
S/F hybrids on the thickness of the F-layer, multiperiodic
re-entrant superconductivity, triplet pairing and triplet spin-
valve and memory effects — just to name some of the new phe-
nomena that have been detected in layered S/F hybrid nano-
structures [8]. Moreover, the detected effects are very promis-
ing for technical applications directed towards enhancing the
storage capacity of computer memory and the potential use as
quantum computer building blocks.

Keeping in mind the trends with regard to “post-Moore’s” elec-
tronics, this thematic issue aimed to cover theoretical, experi-

mental and conceptual development towards superconducting
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supercomputer elements. Theoretical works on Josephson junc-
tions as base elements for a superconducting computer were
presented by Karabassov et al. [9] and Marychev et al. [10]. In
the latter, the authors present a theoretical study of the
current—phase relation of very promising SN-S-SN Josephson
junctions, which could serve as energy efficient, high-perfor-
mance superconducting electronics elements for fast computing.

This issue also contains progress towards various technological
processes for fabrication and characterization of the base ele-
ments of a superconducting computer. For example, Arutyunov
et al. [11] presented an advanced technology including lift-off
electron-beam lithography followed by ultra-high-vacuum
deposition of materials that was used for fabrication of nano-
structured quasi-1D chains of Josephson junctions. This was
followed by the work of Mohammed et al. [12] who presented a
smart vacuum technology for the design of hetero-epitaxial S/F
nanostructures. The elaborated and fabricated nanostructures
can be utilized in superconducting memory and logic circuits as
Josephson magnetic random access memory (MRAM) ele-

ments for a superconducting computer.

Other articles, more conceptual in nature, where the authors
proposed, calculated, fabricated and investigated the novel base
elements and electronic circuits for a superconducting comput-
er include work by Bakurskiy et al. [13], where a tunable
kinetic inductor is proposed as an artificial synapse for a super-
conducting neuronal network. This work combines the results
of theoretical and experimental investigations of S/F superlat-
tices. Such superlattices can be used as tunable kinetic induc-
tivity synapses in artificial neural networks of a supercon-
ducting computer with non-von Neumann architecture. A
further example by Novikov et al. [14] demonstrated the
concept of “read-out” electronics for a superconducting com-
puter where a low-noise cryogenic microwave amplifier as a
read-out circuit of superconducting X-mon qubits is demon-
strated.

Also, in addition to the progress towards theoretical and experi-
mental developments of a superconducting computer, this
thematic issues also includes several articles devoted to extra-
sensitive detectors, their theoretical basis and technological
process in terms of fabrication. For example, a novel phenome-
non was presented in [15], which predicted the phenomena of
superconductor—insulator quantum phase transitions in ultrathin
capacitively coupled superconducting nanowires with quantum
phase slips which may be used for interpretation of already
existing experiments on meander-like nanowires and for the
design of a novel set of superconducting sensors. Another very
promising photon detector [16] was demonstrated for supersen-

sitive detection in astrophysics and read-out tracts measuring
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signals generated by quantum circuits at a frequency of
6-9 GHz.

Summarizing the above-mentioned milestones, one can see that
the main focus of this thematic issue is the new area of research:
superconductor/ferromagnetic hybrid nanostructures and their
applications for quantum electronics and spintronics. In addi-
tion to these highlighted works, there are also other interesting
functional nanostructures, sensors and quantum detectors

presented, to highlight the fascinating world of nanoelectronics.

The concept of this thematic issue emerged during the interna-
tional SPINTECH conference “NANO-2019: Limits of Nano-
science and Nanotechnologies” and the summer school it fol-
lowed, “S/F Hybrid Structures for Spintronics”, that took place
in September 2019 in Chisinau, Moldova. Presented by many of
the participants of the conference and lecturers of the summer
school, new ideas, technological approaches to design of func-
tional nanostructures for superconducting spintronics, quantum
electronics, sensors and novel base elements for supercon-

ducting supercomputers are the core of this thematic issue.

As the thematic issue editor, I would like to thank all highly
experienced experts from 15 countries who presented novel,
original results at the NANO-2019 conference and those who
submitted valuable contributions to this issue. We believe that
this thematic issue will attract the attention of scientists, tech-
nologists, and engineers and will be useful for a broad reader-
ship. The professional and permanent kind editorial support by
the Production Team of the Beilstein Journals is greatly ac-
knowledged. A.S. also thanks the SPINTECH project (G.A. Nr.
810144) and the Grant RSF Nr. 20-62-47009 “Physical and
engineering basis of computers non-von Neumann architecture

based on superconducting spintronics” for the support.
Anatolie Sidorenko
Chisinau, July 2020
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We present a quantitative study of the current—voltage characteristics (CVC) of SFIFS Josephson junctions (S = bulk supercon-

ductor, F = metallic ferromagnet, I = insulating barrier) with weak ferromagnetic interlayers in the diffusive limit. The problem is

solved in the framework of the nonlinear Usadel equations. We consider the case of a strong tunnel barrier such that the left SF and

the right FS bilayers are decoupled. We calculate the density of states (DOS) in SF bilayers using a self-consistent numerical

method. Then we obtain the CVC of corresponding SFIFS junctions, and discuss their properties for different set of parameters in-

cluding the thicknesses of ferromagnetic layers, the exchange field, and the magnetic scattering time. We observe an anomalous

nonmonotonic CVC in case of weak ferromagnetic interlayers, which we attribute to DOS energy dependencies in the case of small

exchange fields in the F layers.

Introduction

It is well known that superconductivity and ferromagnetism are
two competing antagonistic orders. In superconductors (S) elec-
trons form Cooper pairs with opposite spins and momenta,

while in ferromagnetic metals (F) electron spins tend to align in

parallel. Nevertheless, it is possible to combine S and F layers
in one hybrid structure, which leads to the observation of many
striking phenomena. The reason is the superconducting prox-

imity effect, i.e., the superconducting correlations leakage into a
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ferromagnetic metal due to Andreev reflection [1-7]. As a
consequence, the real part of the pair wave function exhibits
damped oscillatory behavior in a ferromagnetic metal. Hence,
since the oscillations are spatially dependent, it is possible to

39

realize a transition from “0” to “m” phase states in S/F/S struc-
tures upon changing the F layer thickness [1]. The proximity
effect is characterized by the two length scales of decay and
oscillations of the real part of the pair wave function in a ferro-
magnetic layer, & and &g, correspondingly [1]. If we consider
the exchange field 4 as the only important parameter of a ferro-
magnetic material, both lengths are equal to &, =D /h,

where Dy is the diffusion constant in the ferromagnetic metal.

The existence of such phenomena enables the creation of
so-called Josephson 7 junctions with a negative critical current
[1,2]. Oscillations of the pair wave function in the F layer leads
to several interesting phenomena in S/F/(S) systems, including
nonmonotonic critical temperature dependence [8-12],
Josephson critical current oscillations [13-41], and density of
states (DOS) oscillations [42-45]. S/F hybrid structures have
many promising applications in, e.g., single-flux quantum
circuits [46,47], spintronic devices [48], memory elements [49-
58] and spin-valves [59-65], magnetoelectronics [66-68], qubits
[69], artificial neural networks [70], microrefrigerators [71,72],
and low-temperature sensitive electron thermometers [73].

However, junctions with a ferromagnetic interlayer as well as
other normal metal junctions (for example, SENFS), proposed
as elements of novel superconducting nanoelectronics, have
limited applicability since such junctions have low resistance
values [74,75]. This situation is resolved by addition of an insu-
lating barrier (I) yielding a SFIFS layer sequence, which allows
one to realize much larger values of the product I .R,,, where I,
is the critical current of the junction and R, its normal state
resistance [36-38]. Recently, SIFS junctions attracted much
attention and have been extensively studied both experimental-
ly [32-41] and theoretically [23,45,76-80]. For instance, the cur-
rent—voltage characteristics (CVC) of SIFS Josephson junc-
tions with a strong insulating layer were studied in [45]. They
exhibit interesting nonmonotonic behavior for weak ferromag-
netic interlayers, i.e., small enough exchange fields. The reason
for this behavior is the shape of the density of states in the F
layer. At small exchange fields the decay length of supercon-
ducting correlations in the ferromagnetic material, &, is large
enough, which leads to profound variations of the supercon-
ducting density of states in the F layer as a function of the
energy and results in a corresponding CVC behavior. With an
increase of the exchange field the &, decreases, which
suppresses the superconducting correlations in the F layer and
makes the SIFS CVC similar to the /-V curve of the FIS junc-
tion.

Beilstein J. Nanotechnol. 2020, 11, 252—-262.

In this paper we study the current—voltage characteristics of
SFIFS Josephson junctions with two ferromagnetic interlayers.
SFIFS structures were also proposed for various applications in
memory elements [56-58], single-flux quantum circuits [47],
and as injectors in superconductor—ferromagnetic transistors
[81-84], which can be used as amplifiers for memory, digital,
and RF applications. In this work we study the current—voltage
characteristics of a SFIFS junction as shown below in Figure 1.
We present a quantitative model of the quasiparticle current in
SFIFS junctions for different sets of parameters characterizing
the ferromagnetic interlayers. In case of weak ferromagnetic
metals we find an anomalous nonmonotonic shape of the cur-
rent—voltage characteristics at subgap voltages and compare the
results with the CVC of SIFS junctions [45]. We ascribe this
behavior to DOS energy dependencies in case of small
exchange fields in the F layers. The shape is smeared if we
include a finite magnetic scattering rate. The anomalous
nonmonotonic shape of the current—voltage characteristics of
SFIFS junctions with weak ferromagnetic layers looks similar
to the fine structures of quasiparticle currents, recently ob-

tained experimentally on similar systems [82-85].

The paper is organized as follows. In the first section (“Model”)
we formulate the theoretical model and basic equations and
introduce the self-consistent numerical iterative method for
calculating the density of states in S/F bilayers. In the next
section (“Results and Discussion”) we present and discuss the
results for the density of states in S/F bilayers in case of subgap
values of the exchange field and the current—voltage character-
istics of SFIFS junctions. Finally we summarize the results in
the last section (“Conclusion”).

Model

In this section we present the theoretical model we use in our
studies. The geometry of the considered system is depicted in
Figure 1. It consists of two superconducting electrodes and a

-a’(u 0 dp x

Figure 1: Schematic representation of the SFIFS hybrid structure
(here S is a superconductor, F is a ferromagnetic metal and | is an
insulating barrier). The thicknesses of the ferromagnetic interlayers are
dsy and dip, correspondingly. The transparency of the left S/F interface
is characterized by the parameter yg1, while the transparency of the
right F/S interface is characterized by the parameter yg». Both parame-
ters yg1, YB2 < 1, which corresponds to transparent metallic interfaces.
The insulating barrier between the left and right interfaces (1) is de-
scribed by ygo > 1.
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pair of ferromagnetic interlayers, with thicknesses dg; and dy,.
The system contains three interfaces: two S/F (superconductor/
ferromagnet) boundaries and one tunnel F-I-F interface. Each of
these interfaces is described by the dimensionless parameter yg;
= Rgjo,/€, ( = 0, 1, 2), which is proportional to the resistance
RBj across the interface [86-88]. Here o, is the conductivity of
the F layer and &, = /Dy / 2nT is the coherence length, where
T, is the critical temperature of the superconductor S (here and
below we assume 7 = kg = 1). In this paper we consider the
diffusive limit, when the elastic scattering length ¢ is much
smaller than the characteristic decay length of the real part of
the pair wave function in the ferromagnet, &, which we intro-
duce later in Equation 13 and Equation 14. We assume that the
S/F interfaces are not magnetically active. We also neglect the
nonequilibrium effects [89-91] and use the Matsubara Green’s
functions technique, which has been developed to describe
many-body systems in equilibrium at finite temperature [92].

In our model the tunneling barrier is located between two F
layers at x = 0 (Figure 1), whereas the other interfaces at
x = —dy and x = df, are identical and transparent. This case cor-
responds to yg1 = yg2 < 1 and ygg > 1. In case of a suffi-
ciently strong tunnel barrier (ygg > 1), the two S/F bilayers in
the SFIFS junction are decoupled, i.e., the amplitudes of two-
electron processes between left and right F layers are negli-
gibly small. Hence, the quasiparticle current through the SFIFS
junction, biased by the voltage eV, can be calculated by using
the Werthamer formula [93],

1= ] 4 Ny (E-er) Vo (B) £ (E-e0)- £(E)] 1

where Ny o(E) are the densities of states (DOS) in the corre-
sponding ferromagnetic layer at x = 0, f(E)= [1 + 27|71 is the
Fermi-Dirac distribution function, and R = Rp is the resis-
tance across the F-I-F interface. Both densities of states Nyj »(E)
are normalized to their values in the normal state.

In order to obtain the densities of states in ferromagnetic layers,
Ny 2(E), we use a self-consistent two-step iterative procedure,
described below. As far as ygy > 1, we can neglect the influ-
ence of the right F layer on the density of states in the left S/F
bilayer and vice versa (see Figure 1). Thus we need to obtain
the DOS at the outer border of each S/F bilayer. That can be
done by solving the Usadel equations in the S/F bilayer system
[94].

In the following, we use the 0-parameterizations of normal
(G = cos 0) and anomalous (F = sin 0) Green’s functions and

write the Usadel equations in the F layers in the form [94,95],

Beilstein J. Nanotechnol. 2020, 11, 252-262.

2
Dy 970r1 () _

1
owxih+—cos0 . sin©
2 o ( e .fm)j 1)

©)
+isin(efT +ef¢)iism(ef¢ -0, ).
T

Tx SO

where the positive and negative signs correspond to the spin-up
(“ 1) and spin-down (“ | ) states, respectively. In terms of the
electron fermionic operators y 1 (| ) the spin-up state corre-
sponds to the anomalous Green’s function F1 ~ (w1 ),
while spin-down state corresponds to F | ~ {y ;¢ 1 ). The
expressions w = 2nT(n + 1/2) are the Matsubara frequencies,
where n = 0, =1, £2, ..., and £ is the exchange field in the ferro-
magnet. The scattering times are labeled here as 1,, T, and T,
where 1,y corresponds to the magnetic scattering parallel (per-
pendicular) to the quantization axis, and 14, i the spin—orbit
scattering time [96-99].

Assuming a strong uniaxial anisotropy in ferromagnetic materi-
als, in which case there is no coupling between spin-up and
spin-down electron populations, we neglect T, (,"! ~ 0). We
also assume the ferromagnets to have a weak spin—orbit cou-
pling and thus neglect the spin—orbit scattering time Tg,. After
taking into account all the assumptions, the Usadel equations in
the ferromagnetic layers for different spin states can be written
as

2
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sin 0 , 3
2 o Tm by @

where 1, = T, is the magnetic scattering time. In the supercon-

ducting layer S the Usadel equation reads [94]

D, 66
——> = sinO; — A(c)cosb;. )
2 ox?

Here Dy is the diffusion coefficient in the S layer and A(x) is the
pair potential in the superconductor. We note that A(x) vanishes
in the F layer.

Equation 3 and Equation 4 must be supplemented with corre-
sponding boundary conditions. At the S/F interfaces we apply

the Kupriyanov-Lukichev boundary conditions. For example, at
the left S/F interface they are written as [86],
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Similar equations can be written at the right S/F interface at
x =dp. Here y = £0,/E,,05, Wwhere 0y is the conductivity of the S
layer and & = /D, /2nT, is the superconducting coherence
length. The parameter y defines the strength of the inverse prox-
imity effect, i.e., the suppression of superconductivity in the
adjacent S layer by the ferromagnetic layer F. We consider the
parameter y to be relatively small y < 1, which corresponds to a
rather weak suppression.

To calculate the density of states in the S/F bilayer we should

set the boundary conditions at the outer boundary of the ferro-

00,
=L =o.
)

To complete the boundary problem we also set a boundary

magnet (x = 0),

condition at x = o,

6 (ioo) = arctan (éj, (8)

()

where the Green’s functions acquire the well-known bulk BCS
form. We notice that the density of states at x = *co is given by
standard BCS equation,
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where O(x) is the Heaviside step function.

Finally the self-consistency equation for the superconducting

order parameter takes the form,

A(x)ln%:nTz
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Equations Equation 3—-Equation 8 and Equation 10 represent a
closed set of equations that should be solved self-consistently.

The density of states N¢j »(E) normalized to the DOS in the

normal state, can be written as
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where Ny 1 (1 )(E) are the spin-resolved densities of states
written in terms of the spectral angle 0,

Ngrl) (E)= Re[cos 051l (io— E+i0)}, j=12.(12)

To obtain Ny 5, we use a self-consistent two-step iterative pro-
cedure [95,100-102]. In the first step we calculate the pair
potential coordinate dependence A(x) using the self-consis-
tency equation in the S layer (Equation 10). Then, by
proceeding to the analytical continuation in Equation 3 and
Equation 4 over the quasiparticle energy iw—FE + i0 and using
the A(x) dependence obtained in the previous step, we find the
Green’s functions by repeating the iterations until convergency
is reached.

The characteristic lengths of the decay and oscillations of the
real part of the pair wave function in the ferromagnetic layer at
the Fermi energy, & », are given in our model by [45],

(13)

(14)

We see from these equations that with an increase of the mag-
netic scattering rate oy, = 1/TZA the length of decay &y
decreases, while the length of oscillations &, increases. In the
absence of magnetic scattering & = Ep = &, = Dy / K.

Results and Discussion

In this section we present the results of the DOS energy depen-
dencies in SF bilayers at the free boundary of the F layer for
h < A. The densities of states for # = A were thoroughly dis-
cussed in [45]. Then we calculate the corresponding CVC of the
SFIFS junction using the Werthamer formula (Equation 1). In
the case of 2 < A we obtain an interesting nonmonotonic behav-
ior of the quasiparticle current, presented in a subsection below
(“Current—voltage characteristics of SFIFS junctions™). At large
exchange fields the decay length &g, of the real part of the pair
wave function in the F layer becomes small (see Equation 13
and Equation 14), and the amplitude of DOS variations tends to
zero. In this case the CVC of SFIFS junction tends to follow

Ohm’s law for 2 > A. The ferromagnetic materials with small
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exchange fields can be fabricated as discussed in [103]. We also
note that the DOS at the end of an SF bilayer in case of a

domain wall in the ferromagnetic layer was studied in [104].

Density of states in SF bilayers forh < A
Figure 2 and Figure 3 show the DOS energy dependencies for
different values of & < A and for relatively thick F layers. In our
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Figure 2: DOS Ns(E) on the free boundary of the F layer in the FS bi-
layer obtained numerically for two cases: (a) in the absence of magnet-
ic scattering, o = 1/TmA = 0 (plots a and c) and in the case of finite
magnetic scattering, i.e., plot b with o, = 0.1 and plot d with o, = 0.5.
Parameters of the FS interface are y = yg = 0.01, and T = 0.1T¢. Plots
a, b: h =0.1A; plots ¢, d: h = 0.3A. The black solid line corresponds to
d; = 2§, while the red dashed line corresponds to df = 3§,.
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Figure 3: DOS Ns(E) on the free boundary of the F layer in the FS bi-
layer obtained numerically in the absence of magnetic scattering,

om = 1/TmA = 0 (plots a and c) and in the case of finite magnetic scat-
tering, i.e., plot b with o, = 0.1 and plot d with oy, = 0.5. Plots a, b:

h =0.5A; plots ¢, d: h = 0.7A. The black solid line corresponds to

d; = 2§, while the red dashed line corresponds to df = 3§,,.
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calculations we fix the temperature at 7 = 0.17,, where T is the
critical temperature of the superconductor S. In Figure 2 the
characteristic “finger-like” shape of DOS is observed along
with a minigap for d¢ = 2§, (Figure 2a,c). At larger dy and/or at
larger & the minigap closes (Figure 2c and Figure 3a,c)]. In the
absence of magnetic scattering (o, = 1/T5A = 0) we can
roughly estimate the critical value A of the exchange field at

which the minigap closes as [45]

Dy
d?’

hy ~ Ety,, Erp = (15)

where ETy, is the Thouless energy and dy is the thickness of the
F layer in the SF bilayer (dy; or dy, for the left or right SF bilay-
er, respectively, in Figure 1). Since we consider subgap values
of h, the minigap closes at rather large values of d¢ in the
absence of magnetic scattering.

After the minigap closes the DOS at the Fermi energy N¢(0)
rapidly increases to values larger than unity with further
increase of dy and then it oscillates around unity while its
absolute value exponentially approaches unity [45]. This is the
well-known damped oscillatory behavior with the lengths of
decay and oscillations given by Equation 13 and Equation 14,
respectively. Figure 2b,d and Figure 3b,d show that stronger
magnetic scattering leads to the minigap closing at smaller
values of dy. With the increase of oy, = 1/1,A the period of
oscillations increases (&g in Equation 14 increases). At the
same time the DOS variation amplitude becomes smaller and
DOS features smear, since for larger o, the dumped exponen-
tial decay of oscillations occurs faster (& in Equation 13

decreases).

Finally, in Figure 4 we present plots for spin-resolved densities
of states given by Equation 12 for both zero and finite magnet-
ic scattering.

Current—voltage characteristics of SFIFS

junctions

Using the densities of states Ny o(E) obtained in the subsection
above, we calculate a set of quasiparticle current curves using
Equation 1 for various values of parameters describing proper-
ties of ferromagnetic material, which include the thicknesses of
the F layers, df; and dy,, the exchange field %, and the magnetic
scattering rate ay,. In our calculations we fix the temperature at
T =0.1T,, where T, is the critical temperature of the supercon-
ducting lead.

Figure 5 shows the CVC of a symmetric SFIFS junction, where

df1 = dgp = df in the absence of magnetic scattering. For thin
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Figure 4: Spin-resolved DOS N1 (1) on the free boundary of the F
layer in the FS bilayer obtained numerically in the absence of magnet-
ic scattering, oy = 0 (plots a and c) and in the case of finite magnetic
scattering, i.e., plot b with o, = 0.1 and plot d with oy, = 0.5. Plots a, b:
h =0.5A, d; = 2&,; plots ¢, d: h = 0.3A, d; = 3§, (c) and d; = 2§, (d).
The black solid line corresponds to N¢(E), the red dashed line corre-
sponds to Ns ¢ (E) and the blue dash-dotted line corresponds to N, (E).
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Figure 5: Current—voltage characteristics of the symmetric

(dsy = dso = ds) SFIFS junction in the absence of magnetic scattering for
different values of exchange field h. The temperature T = 0.1T¢. In
each graph the curves were calculated for different values of F layer
thickness df, di = 0.5§,, (black solid line), df = 1.0§, (red dashed line),
di = 1.5§, (blue dash-dotted line). The plots correspond to specific
values of the exchange field h : plot (a) to h = 0.5A, (b) to h = 1.0A,

(c) to h = 2.0A and (d) to h= 3.0A.
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enough ferromagnetic interlayers, d¢/€, = 0.5, and a small
enough value of the exchange field, # = 0.5A, we observe CVC
that resemble the I-V characteristic of a SNINS Josephson junc-
tion with a characteristic peak at eV = 2A (see Figure 5a, solid
black line) [101]. With an increase of the exchange field / this
peak becomes smeared (see Figure Sb—d, solid black line). In-
creasing dy and/or h produces a set of I-V curves among which
the red dashed line in Figure 5d is the most interesting because
it exhibits a nonmonotonic behavior. The reason of this atyp-

ical nonmonotonic behavior will be explained later.

Figure 6 shows the current—voltage characteristics of SFIFS
junctions at subgap values of the exchange field. We observe a
nonmonotonic behavior for thick enough ferromagnetic layers
at h < A. Let us consider the CVC in Figure 6b, red dashed line.
We can explain its behavior as well as any other nonmonotonic
CVC behavior as the signature of the DOS energy dependence.
The anomalous nonmonotonic /(V) dependence arises from the
shape features of the densities of states, see Figure 7. In sym-
metric SFIFS junctions, N¢j(E) = Np(E) = N¢(E) in Equation 1,
which can be well approximated by taking 7 = 0 for small tem-
peratures T < T¢. In this case the Fermi—Dirac distribution
function f(E) can be represented with the Heaviside step func-
tion O(—FE) [and f(E — ¢V) with ®(eV — E)]. As a result, the
limits of integration in Equation 1 shrink to the interval [0, eV].
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Figure 6: Current—voltage characteristics of a symmetric SFIFS junc-
tion for different values of the subgap exchange field h in the absence
of magnetic scattering at a temperature T = 0.1T,. In each graph the
curves were calculated for different values of F layer thickness, df,

ds = 2§, (black solid line) and df = 3§, (red dashed line). The plots cor-
respond to specific values of the subgap exchange field h: plot (a) to
h=0.14, (b) to h = 0.3A, (c) to h = 0.5A and (d) to h = 0.7A.
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Hence, the current through the junction can be written as,

1 eV
1=— .([ dE N¢ (E—-eV)Ng (E). (16)
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Figure 7: (a) CVC taken from Figure 6b, red dashed line, and visual
explanation of the characteristic behavior of the quasiparticle current.
(b—d) The DOS N¢(E - eV) and Ni(E) at particular values of eV
revealing the origin of the current features in plot (a).

Using this expression, the origin of the nonmonotonic behavior
of the CVC can be explained. At eV = 0 the upper limit of the
integral in Equation 16 is zero and the current is zero. With the
increase of the voltage, the current first increases linearly due to
the broader region of integration as in Ohm’s law. The first fea-
ture that is shown in Figure 7a is a significant change in the
slope of the current. Figure 7b shows the relative positions of
the densities of states Nf(E — eV) and N¢(E) in this case, where
almost no peak overlap can be seen, resulting in relatively small
values of the integral in Equation 16. As we proceed to larger
values of eV, we reach the first local maximum of the CVC,
which corresponds to a maximum overlap of the densities of
states N¢(E — eV) and N{(E) at eV/A = 1 (see Figure 7c). The
second maximum of the quasiparticle current occurs at
eV/A =~ 1.68, which corresponds to a perfect DOS peak overlap
at E/A = 1 Figure 7d). For large enough values of the voltage
eV, a product of the DOS N¢(E — eV) N¢(E) ~ 1 and its integra-
tion does not produce any features. Thus, the CVC eventually
coincides with Ohm’s law in this case. In fact any shape of a
SFIFS I-V curve can be explained and understood in this way.

We note that in this paper we present the densities of states in

Beilstein J. Nanotechnol. 2020, 11, 252—-262.

SF bilayers only for subgap values of the exchange field. For &
2> A the DOS energy dependencies in SF bilayers can be found
in [45].

Based on the properties of the density of states in FS bilayers
we can see that even the tiny exchange field / can dramatically
modify the current introducing anomalous nonmonotonic be-
havior in case of thick enough F layers (see Figure 5 and
Figure 6). It is important to understand how the CVC of a
SFIFS junction transforms as the exchange field / increases. In
Figure 8 we demonstrate the plot of current—voltage characteris-
tics calculated for a wide range of exchange field values / in the
absence of magnetic scattering. From this plot it can be clearly
seen that while for relatively small (subgap) values of the
exchange field many interesting features appear in the structure
of the current, at larger values of & these features are smeared
and the CVC approaches Ohm’s law. Figure 9 shows the cur-
rent—voltage characteristics in the case of an asymmetric SFIFS
junction, i.e., when df; # dy, in the scase of zero magnetic scat-

tering.

Figure 8: Current—voltage characteristics of a symmetric SFIFS junc-
tion in the absence of magnetic scattering for d; = 3§,,. The tempera-
ture is T = 0.1T,. The curves correspond to different values of h, from
h =0 to h =1.2A with increments equal to 0.1A. The exchange field
h = 0 corresponds to the case of a SNINS junction [101].

In this section we also present the current—voltage characteris-
tics of a SFIFS junction calculated in the presence of magnetic
scattering for different values of the subgap exchange field A.
Figure 10 illustrates the CVC in case of a finite magnetic scat-

tering rate a,, = 0.1. We consider both symmetric and asym-
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Figure 9: Current-voltage characteristics of an asymmetric (df1 # dio)
SFIFS junction for different values of F layer thicknesses diy and ds
(indicated in the plot) in the absence of magnetic scattering. The tem-
perature is T = 0.1T;, h = 0.5A (black solid line) and h = 1.0A (red
dashed line). The labels show the values of F layer thicknesses df
and dyp for which the curves were calculated: plot (a) corresponds to
dy = 0.58, and dip = 1.08,,, (b) to diy = 0.5&, and dj, = 2.0E, (c) to
dyy = 1.08, and dfo= 2.0, and (d) to di = 1.0§, and djp = 3.08,.
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Figure 10: Current—voltage characteristics of a SFIFS junction in the
presence of magnetic scattering (o, = 0.1). The temperature is

T =0.1T¢. In plot (a) the black solid line corresponds to

dit = 1§, dip = 2§, in plots (b) and (d) to di1 = dip = 2§, and finally in
plot (c) the black line corresponds to diy = 0.5, dip = 2§,. Plots (a, b):
h =0.1A; plot (c) and plot (d): h = 0.5A and h = 0.7A, respectively. The
insets show the CVC in case of zero magnetic scattering.
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metric SFIFS junctions. The insets show the CVC in case of
zero magnetic scattering. For very small .z nonzero magnetic
scattering leads to smearing of characteristic features of the cur-
rent as shown in Figure 10. At larger subgap values of the
exchange field & we see a “triple kink™ structure (Figure 10c).
For large enough values of ay, the nonmonotonic behavior of
the quasiparticle current will be smeared and the current ap-
proaches Ohm’s law. This is due to the fact that increasing oy,
the length of the superconducting correlations decay in the
ferromagnetic layers decreases, see Equation 13, and the
suppression of superconducting correlations in the F layers
occurs faster.

We can compare these results with the /-V characteristics of
SIFS Josephson junctions [45]. In this case at zero magnetic
scattering we may also observe the nonmonotonic behavior, but
with only one peak [see Ref. [45], Figure 6 (c)]. In case of finite
magnetic scattering the CVC has a “double kink” structure [see
Ref. [45], Figure 7 (a, c¢)]. In SFIFS junctions the overlap of
subgap DOS structures N¢j(E — eV) Ny (E) in the integrand of
the current equation, Equation 16, produce more complex be-

havior of the I-V characteristics.

We also notice that in recent experiments on SFIFS junctions as
injectors of superconductor-ferromagnetic transistors some fine
structures of the subgap quasiparticle current was observed [82-

85], which looks similar to our theoretical results.

Conclusion

In this work we have presented the results of CVC calculations
of a SFIFS junction for different set of parameters including the
thicknesses of the ferromagnetic layers, dy; and dyp, the
exchange field, and the magnetic scattering time ap, = 1/Ty,A.
We considered the case of a strong insulating barrier such that
the left SF and the right FS bilayers are decoupled. In order to
obtain the current—voltage characteristics we first calculated the
densities of states on the free boundary of the F layer in each SF
bilayer utilizing an iterative self-consistent approach. Using the
numerically obtained DOS we have derived the quasiparticle
current of a SFIFS junction in the case of symmetric (df; = dpp)
and asymmetric (dg; # dpp) structures. We have paid much
attention to the case of a SFIFS junction with weak ferromag-
netic interlayers with exchange fields # < A. It was demon-
strated that the CVC exhibits interesting and unusual features in
this case, which can be ascribed to typical DOS behavior. We
have provided a simple physical explanation for such anom-
alous CVC behavior. We have also illustrated how the CVC
shape evolves as one increases the exchange field 4. It should
be emphasized that taking into account finite magnetic scat-
tering leads to the smearing of characteristic features and, in

particular cases, to a “triple kink” shape of the current.
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A chain of superconductor—insulator—superconductor junctions based on Al-AlO,—Al nanostructures and fabricated using conven-

tional lift-off lithography techniques was measured at ultra-low temperatures. At zero magnetic field, the low current bias dynamic

resistance can reach values of ~10!! Q. It was demonstrated that the system can provide a decent quality current biasing circuit,

enabling the observation of Coulomb blockade and Bloch oscillations in ultra-narrow Ti nanowires associated with the quantum

phase-slip effect.

Introduction

The field of modern nanoelectronics is facing stagnation
with respect to further miniaturization, deviating from Moore’s
law [1]. Typically, two main reason are quoted: severe heat
dissipation per unit volume (surface), and various quantum
phenomena that drive the operation of ultra-small devices
and make them different from devices in the conventional
(classical) regime. The radical solution to the first problem
is to build the critical elements using superconductors.
The basics of this approach were developed in the late 1980s,
resulting in rapid single flux quantum (RSFQ) logic [2]. Since
that time the concept has continued to develop. However, the

corresponding systems so far have not developed into

mass market commercial products, being limited solely to par-
ticular “cost-no-object” applications. Currently, the field of
superconducting electronics is developing much faster mainly
due to the understanding that (even taking into consideration the
necessity of refrigeration) the energy consumption of next gen-
eration supercomputers can be as low as ~10 MW, which is
compared to values of ~100 MW for conventional semiconduc-
tor complementary metal-oxide-semiconductor (CMOS) tech-
nology. In addition to heat dissipation, another issue is the
speed of processing. It has been shown that the operational fre-
quency of superconducting logic can be at least 100 times

higher than for CMOS-based devices. It is universally accepted
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that the limiting factor for the speed of operation of various
superconducting devices is the high-frequency impedance,
e.g., originating from kinetic inductance. The effect should
be taken into consideration for various cryoelectronic applica-

tions.

In addition to RSFQ computers which exploit classical 2-bit
logic, during the last decades, there has been an increasing
interest in quantum computing utilizing nonclassical ap-
proaches. There have been multiple suggestions regarding how
to build quantum logic elements, such as quantum bits (gbits),
including superconducting systems based on the Josephson
effect. It has been shown that physics behind a Josephson junc-
tion (JJ) is dual to a quantum phase-slip junction (QPSJ) [3],
whereby the corresponding QPSJ-based gbit operation has also
been demonstrated [4]. At the same time, the quantum dynam-
ics of a JJ (or a QPSJ) is strongly determined by the environ-
ment [5,6]. In particular, the utilization of devices based on
quantum fluctuations of the macroscopic phase, ¢, requires
stabilization of the quantum conjugated quantity — charge q.
The most straightforward approach is to use high-Ohmic
on-chip current-biasing elements [7-10]. However, it was later
understood that resistive dissipative elements inevitably act as a
source of Johnson noise, leading to degradation of system per-
formance [11].

Here we present an experimental study of a quasi-1D chain of
JJs. A sufficient high-frequency impedance was demonstrated
to study the QPS phenomena without the undesired impact of
Johnson noise typically associated with dissipative elements
[12]. The I-V dependence studied in [12] demonstrated clear
and expected characteristics at low current, / — 0: the so-called
“Bloch nose” (back-bending of I-V), while at finite current
values, the corresponding singularities were not so pronounced.
The purpose of this paper is to provide an in-depth analysis of
the /-V dependence of the same JJ chains used in the current-
biasing elements in [12].

Experimental

Conventional lift-off electron-beam lithography followed by
ultrahigh vacuum deposition of materials was used for the fabri-
cation of the nanostructures. Hybrid QPSJ samples were made
of Ti, Al and aluminum oxide [12]. The high-impedance JJs
studied in this paper, similar to those from [12], were fabri-
cated from superconducting thin film Al oxidized in situ to
form tunnel barriers. Each sample consisted of 25 pairs
of JJs connected in parallel where the area of each supercon-
ductor—insulator—superconductor (SIS) contact was about
100 x 100 nm (Figure 1). The samples were analyzed by scan-
ning electron microscopy (SEM) (Figure 1) and atomic force

microscopy (AFM).
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Figure 1: SEM images of the test sample fabricated from supercon-
ducting thin film aluminum oxidized in situ to form tunnel barriers. Left
panel: overview of the structure. Right panel: details of the JJ element.

Transport measurements were made inside a *He*He dilution
refrigerator at temperatures below 400 mK, corresponding to
the superconducting transition of Ti QPSJs [10,12]. All input/
output lines were carefully filtered [13] to reduce the impact of
the noisy electromagnetic environment. When necessary, a
small magnetic field, up to 0.05 T, was applied using small

superconducting coils wound directly on the sample holder cap.

Results and Discussion

The ultimate goal of this work is to study the quantum dynam-
ics of the QPSJ, a system dual to JJ [3], including the observa-
tion of Coulomb blockade and Bloch oscillations [14]. Given
that the macroscopic phase, ¢, and the charge, g, are quantum
conjugated values, [§,§] = ik, in order to enable the high rate
of phase fluctuations, one should define the charge. The
phase—charge duality in conventional JJ systems is well estab-
lished [15-17]. Hence, to enable the phase fluctuation regime,
the electric current, /, through a QPSJ, which is just the time de-
rivative of charge, I = dg/dt, should be stabilized. The focus of
this manuscript is to study the transport properties of JJ chains
to be used as current-biasing elements of a QPSJ. Note that here
the finite electric current is maintained by correlated Cooper
pair tunneling at a voltage bias V across the QPSJ exceeding the
particular Coulomb blockade threshold, V [14]. The tunneling
happens at the Bloch oscillation rate, fg. The synchronization of
this “internal” periodic process with the external drive, fRrF,
should result in quantized singularities (Bloch steps) at current
values I(n) = n(2e)frg, where 2e is the charge of the Cooper pair
and n = 1,2,3... are integers. Furthermore, the study of QPSJ
I-V characteristics demonstrating Coulomb blockade at zero
current, / = 0, and voltages of V < V requires only the high-
Ohmic environment with resistance Ry, exceeding the quan-
tum value Repy > R = hle? ~ 26 kQ. While at finite current
values, I > 0, one needs current stabilization at high frequency
frEs Which further requires high values of the high-frequency

impedance, Z.,,(frp)- The observation of a pronounced
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Coulomb blockade has been observed in JJs using both a high-
resistive dissipative environment [7,8] and nonlinear Josephson
elements with high dynamic resistance and/or kinetic induc-
tance [6,18]. However, extended attempts to observe Bloch
oscillation phenomena at finite currents in JJs provided rather
modest results [7,8,19]. The recent progress in understanding
the QPS phenomena [20] in ultra-narrow superconducting chan-
nels has revived interest in this topic, resulting in the observa-
tion of a decent Coulomb blockade [9,10], while quite blurred
Bloch steps at finite current values have been detected so far
[10]. Later it was understood that the straightforward approach
of using a high-Ohmic dissipative environment, Reqy > R, is
far from optimal, as it introduces Johnson noise, washing out
the desired current singularities [11]. Various JJ-based systems
were suggested which take advantage of the high kinetic
inductance of superconducting quantum interference devices
(SQUIDs) [21,22] (Ly = cos™ ! (d/d) at a degeneracy point
when ®/®y — /2, where ® is the magnetic flux through the
SQUID area and @ is the magnetic flux quantum, ®y = h/2e =
2 x 10715 Wb). Hence the SQUID-based approach requires ap-
plication of a finite magnetic field. Given that the electromag-
netic horizon of our QPSJ is of the order of ~100 um [23-25],
the corresponding high-impedance current biasing circuit
should be of appropriate (small) dimensions. Thus the area of
the SQUID is small, and hence a magnetic field corresponding
to ®/®y — m/2 can easily reach the ~10 mT range. At such a
magnetic field, two undesirable effects might happen both with
the biasing superconducting leads and with the QPSJ. Namely,
the formation of Abrikosov vortices and a noticeable suppres-
sion of the energy gap. Consequently, in our approach, we
opted for a non-dissipative (superconducting) high-impedance

environment under zero magnetic field.

Our quasi-one-dimensional arrays of SIS junctions contain
loops forming SQUIDs (Figure 1). The Josephson current is
very small (Figure 2a), I. < 10 pA, and application of the mag-
netic field only monotonically suppresses the superconducting
gap. The corresponding I-V dependence can be understood as a
tunnel characteristic of multiple SIS junctions connected in
series. The I-V characteristics (Figure 2a) with a gap of *10 mV
corresponds well with 25 SIS junctions connected in series,
each being a AlI-AlO,—Al junction with a gap of about 400 uV.
The charging energy, E. = ¢2/2C, of each SIS contact (consid-
ering it to be a plate capacitor with dielectric constant € ~ 10,
area 100 x 100 nm and distance between plates ~2 nm) is about
two orders of magnitude higher than the Josephson energy,
Ey=1.2e. As Ej << E_ the physics of the system is dominated
solely by charging phenomena. At zero magnetic field and
small current bias, the dynamic resistance Rgyy = dV/d!I of the JJ
chain can reach ~10!! Q (Figure 2b), while at a higher bias,
Rayn (I >> 0) approaches 100 kQ.
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Figure 2: (a) Experimental /-V characteristics of 50 pairs of Al-AIOy
junctions connected in series. Inset shows a schematic of the struc-
ture. (b) Dynamic resistance Rgyn = dV/d/ obtained by numeric differ-
entiation of the /-V dependence.

The SIS junction chain has been used to current bias narrow Ti
nanowires [12], with cross sections demonstrating various phe-
nomena attributed to the QPS effect [10,26-33]. The observa-
tion of Coulomb blockade and Bloch steps [12] confirms the
usefulness of the suggested concept, that is, the utilization of

SIS junction chains.

Summarizing, we can conclude that chains of series-connected
tunnel SIS junctions can provide high dynamic resistance at low
current, which is necessary to stabilize the charge of a quantum
circuit and hence enable the high level of phase fluctuations.
The absence of dissipation makes such elements very useful for
experimental studies of mesoscopic scale objects at ultralow
temperature applications, where even a very small amount of
Johnson noise may overheat electrons above the phonon bath.
However, the non-linearity of a SIS junction /-V characteristic
makes them less useful at finite current biases, which dramati-
cally reduces the dynamic resistance. A promising solution

might be the utilization of superconducting circuits with a high
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level of kinetic inductance capable to provide a sufficient

impedance at high frequencies.
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Abstract

Single-layer vanadium nitride (VN) and bilayer Pd ggFeq g4/ VN and VN/Pd( 9Fe( og thin-film heterostructures for possible spin-
tronics applications were synthesized on (001)-oriented single-crystalline magnesium oxide (MgO) substrates utilizing a four-
chamber ultrahigh vacuum deposition and analysis system. The VN layers were reactively magnetron sputtered from a metallic
vanadium target in Ar/N, plasma, while the Pd;_,Fe, layers were deposited by co-evaporation of metallic Pd and Fe pellets from
calibrated effusion cells in a molecular beam epitaxy chamber. The VN stoichiometry and Pd;_,Fe, composition were controlled by
X-ray photoelectron spectroscopy. In situ low-energy electron diffraction and ex situ X-ray diffraction show that the 30 nm thick
single-layer VN as well as the double-layer VN(30 nm)/Pdg goFe( 9g(12 nm) and Pdg g¢Feq 04(20 nm)/VN(30 nm) structures have
grown cube-on-cube epitaxially. Electric resistance measurements demonstrate a metallic-type temperature dependence for the VN
film with a small residual resistivity of 9 pQ-cm at 10 K, indicating high purity and structural quality of the film. The transition to
the superconducting state was observed at 7.7 K for the VN film, at 7.2 K for the Pdg ggFe( g4/ VN structure and at 6.1 K for the
VN/Pdg g7Feq gg structure with the critical temperature decreasing due to the proximity effect. Contrary to expectations, all
transitions were very sharp with the width ranging from 25 mK for the VN film to 50 mK for the VN/Pd( 9oFe( g structure. We
propose epitaxial single-crystalline thin films of VN and heteroepitaxial Pd_,Fe,/VN and VN/Pd,_,Fe, (x < 0.08) structures
grown on MgO(001) as the materials of a choice for the improvement of superconducting magnetic random access memory charac-

teristics.
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Introduction

Since its invention, rapid single-flux quantum (RSFQ) logic
[1,2] based on superconducting digital electronics has been seri-
ously considered as an alternative to semiconductor electronics
for supercomputing applications [3-5]. Merging it with
magnetism [6-8] has given a birth to superconducting spin-
tronics [9,10]. The latter concept was implemented in the US
Cryogenic Computing Complexity (C3) Program [11-13] with
the goal “to demonstrate a small-scale computer based on
superconducting logic and cryogenic memory that is energy-
efficient, scalable and able to solve interesting problems”,
opening prospects of reaching 100 PFLOPS/s with about
200 kW of electric power consumption including the cryogenic
cooling. Niobium-based Josephson junction technology is cur-
rently implied to be used for the logics fabrication, however,
hybrid Josephson junctions incorporating magnetic components
are also considered for the mainframe computation components
[9,14-19], and cache and main memories [8,20-25]. It is argued
that the use of magnetic Josephson junctions in single-flux
quantum electronics significantly reduces the number of junc-
tions and interconnects in the circuits [26] and also has other
important advantages such as wide operation margins and low
bit-error rate [27]. The magnetic material has to be magnetical-
ly soft, tunable and weak in the sense of small spin-polarization
of the conduction band [10,28]. The latter provides a large
superconducting coherence length and hence bypasses a neces-
sity to deposit flat, nanometer-thick continuous layers expected
for strong elemental ferromagnets. A combination of niobium
as a superconductor with a Pd;_,Fe, alloy as a soft and weak
ferromagnet was considered as material of choice for supercon-
ducting magnetic random access memories (MRAM) [8,29,30].
However, no further developments towards a prototype using a
Pd;_,Fe, alloy have been demonstrated. There are indications
of non-homogeneous, nanoclustered magnetism in Pdg ggFe o1
films grown on niobium [31], which may cause a shortening of
the spin-memory length [32] and a reduction of the Josephson
critical current.

In general, the metallic Nb lattice (body-centered cubic with
any = 329.4 pm) poorly matches that of the palladium-rich
Pd;_,Fe, alloys (face-centered cubic with apg = 389 pm). There-
fore, a good crystallinity of the layer stack can hardly be ex-
pected. In the resulting polycrystalline films, crystallite bound-
aries and crystal lattice imperfections can lead to the segrega-
tion of iron impurities and to nanoclustering of the alloy.
Following the development of a way to grow single-crystalline,
magnetically homogeneous epitaxial Pd|_,Fe, films on
MgO(001) single-crystalline substrates [33], we propose fully
epitaxial Pd;_,Fe,/VN and VN/Pd_,Fe, (x < 0.08) building
blocks as an alternative choice for superconducting MRAM ma-

terials, in which vanadium nitride (VN) serves as the supercon-
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ductor. The magnetic anisotropies of a 20 nm thick Pdy ggFe o4
film of the first-generation epitaxial sample of VN/Pd ggFeq o4
on MgO(001) were studied by using a ferromagnetic resonance
technique in [34].

Results and Discussion

Sample preparation

Single-crystalline MgO(001) (henceforth designated MgO) epi-
polished substrates (CRYSTAL GmbH, Germany) with a size
of 10 x 5 x 0.5 mm?> were annealed at 800 °C for 5 min in the
ultrahigh vacuum (UHV) molecular beam epitaxy (MBE)
chamber with a residual pressure below 10710 mbar (SPECS,
Germany). Then, depending on the desired structure, either the
Pd,_,Fe, alloy layer or the VN layer was deposited. The
Pd_,Fe, layers were grown by means of UHV MBE following
a three-step procedure described in detail in [33]. Metallic Pd
(99.95% purity, EVOCHEM GmbH, Germany) and Fe (99.97%
purity, ChemPur GmbH, Germany) were co-evaporated from
the pre-calibrated high-temperature effusion cells to obtain the

desired Pd;_,Fe, composition.

Vanadium nitride layers were synthesized by using reactive DC
magnetron sputtering (MS) in the UHV chamber with a base
pressure of p < 5 x 1071 mbar (BESTEC, Germany). During
this process, the substrate had a temperature of 500 °C. A mix-
ture of high-purity (99.9999%) argon (Ar) from a gas chroma-
tography purification system and high-purity (99.9999%)
nitrogen (N») at a composition of Ar/N, = 60:40 was used as
plasma gas for the reactive synthesis of VN. During the deposi-
tion process, the pressure of the Ar/N, gas mixture in the
chamber was automatically kept at 6 x 1073 mbar. A metallic
vanadium disk of 99.95% purity (GIRMET Ltd, Russia) was
used as a target. The magnetron power was 50 W, the distance
between the target and the substrate was 20 cm, and the deposi-
tion rate was 0.2 nm/min.

To grow heterostructures, the samples on the molybdenum
holder were moved without breaking vacuum via the UHV
transfer line between the MBE and MS deposition chambers as
well as the analysis chamber (SPECS, Germany).

To perform a comparative study allowing to see only the
proximity effect of the ferromagnetic layer on the properties of
the superconducting VN layer, the latter was deposited in one
run for all studied samples. To do this, we mounted two
10 x 5 x 0.5 mm? MgO substrates close and parallel to each
other on the sample holder and used a system of two orthogo-
nal shutters in the MBE chamber. After depositing a 20 nm
thick Pdg g9gFeg g4 layer onto one substrate (with the second
being blocked by the shutter), the sample holder was moved to
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the magnetron chamber, and a 30 nm layer of VN was grown on
both substrates. Then, the holder was moved back to the MBE
chamber, and a 12 nm thick Pd goFe( g layer was deposited to
a half of both samples using the second shutter. The thick-
nesses of the Pd;_,Fe, layers were adjusted to possess identical
magnetic moments. In situ tests of crystallinity, VN stoichiome-
try and resulting composition of Pd;_,Fe, were taken at each
deposition step using low-energy electron diffraction (LEED)
and X-ray photoelectron spectroscopy (XPS). Finally, all struc-
tures were capped with 10 nm layer of undoped Si by magne-
tron sputtering to prevent sample deterioration. Thus, a VN film
and stacks of Pdg gcFeg.04/VN and VN/Pdg goFeq g (the first
component in a stack being directly deposited to MgO) have
been obtained with the identical properties of the VN layer in

each sample.

Crystallinity and epitaxial growth

The crystallinity and the epitaxial growth of the thin films were
examined in situ by using LEED (SPECS, Germany). LEED
images were taken of the pristine MgO(001) substrate after
annealing (Figure 1a), after the deposition of VN(30 nm) on
MgO (Figure 1b), after the deposition of Pdg goFeq g on VN
(Figure 1c) and after the deposition of VN on Pdg 9gFeq o4
(Figure 1d). Figure 1b indicates that the individual VN thin film
has grown cube-on-cube epitaxially (for an individual Pd;_,Fe,
film see the full crystallinity analysis in [33]). Figure 1c,d
shows that the Pd0'96F60‘04/VN and VN/PdO‘ngC0.0g
heterostructures are pass-through epitaxial. This is, first of
all, due to the good lattice match between MgO, VN and Pd:

Figure 1: LEED patterns of (a) pristine MgO annealed at 800 °C,

(b) the VN film, (c) the VN/Pdg g2Feg.0s and (d) Pdg.gsFeq.04/VN struc-
tures on the MgO(001) substrate. All patterns were taken at an elec-
tron energy of 140 eV.
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amgo = 421.2 pm, ayN = 413.7 pm [35] and apq = 389.1 pm.
Thus, the lattice mismatch between MgO and VN is only about
1.7%, and between Pd and VN it is as small as 5.95%.

The in situ LEED analysis was corroborated with ex situ X-ray
diffraction (XRD, BRUKER D8, Germany) measurements
using Cu Ka (A = 1.5418 A) radiation in the Bragg—Brentano
geometry with a scanning rate of 0.002°/s in the 20 range from
17° to 82° and a step width of 0.0153°. Room-temperature XRD
patterns of the pristine MgO(001) substrate, the VN thin film on
MgO, Pdg g6Feg.gs on MgO and the Pdg ggFeg.gs/VN hetero-
structure are shown in Figure 2. The 0-20 scans clearly indicate
the single-crystalline structure of the VN and Pd gcFeq o4 thin
films and of the Pd 9sFeg g4/ VN heterostructures. The (002)
reflex of the MgO substrate, the (002) reflex of the VN film
(30 nm), and the (002) reflex of the Pdg ggFeg g4 (20 nm) film
can be easily identified.

VN (002) PdFe (002)
w
-
[
=}
o
O
N
>
= Pd, ,;Fe; ,,(20nm)
(2]
[
.9 VN(30nm)
£
MgO
42 44 46 48 50

20 (degrees)

Figure 2: XRD patterns of pristine MgO substrate, VN, Pdg gsFeg.04
(prepared in a separate deposition experiment) and Pdg ggFeq. 04/VN.

The significant peak broadening of the diffraction maxima of
VN and Pd( g¢Feq o4 is primarily due to small coherent scat-
tering range T along the normal to the film plane (Scherrer
broadening); XRD data with accounting for the instrument
function [33] yields estimates of T ~ 22.0 nm for Pdg g¢Feg o4,
T~ 12.6 nm for Pdg 9oFeg og and T = 30.4 nm for VN, which
agree quantitatively with the film thickness values
d(Pd0.96F60‘04) ~ 21.5 nm, d(PdovngEQ‘og) ~ 12.5 nm and
d(VN) = 29.8 nm, respectively, measured ex situ with a
BRUKER DektakXT stylus profiler by using the shadow mask
method. Thus, LEED and XRD measurements confirm that the
VN thin film and the Pdg ggFeq g4/VN and VN/Pdg goFeg g
heterostructures have grown cube-on-cube epitaxially and that

all samples are single crystalline.
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Stoichiometry and chemical composition

The stoichiometry and chemical composition of the VN and the
Pd;_,Fe, layers were analyzed in situ using XPS. The measure-
ments were carried out in the UHV analysis chamber (base
pressure p < 3 x 10719 mbar) equipped with a Mg Ka X-ray
source operated at 12.5 kV and 250 W, and a Phoibos-150
hemispherical energy analyzer (all from SPECS, Germany).
Figure 3a,b shows the XPS spectra of the as-deposited VN/
Pdg 9oFe g thin film heterostructure. The binding energies of
the Fe 2p;/», Fe 2p3/,, and Pd 3d3/, and Pd 3ds/, states are
721.0, 707.7, and 340.2 and 335.0 eV, respectively, which
agrees well with literature data [33,36].

Figure 3c,d shows the XPS spectra of the VN thin film on MgO.
The binding energies of the V 2p|/, V 2p3/; and N 1s states are
521.1, 513.6 and 397.4 eV, respectively, which are very close to
that given in the literature for crystalline VN [37,38]. The pres-
ence of a characteristic satellite at a binding energy of
ca. 515 eV is a fingerprint of V in a nitride compound [37]. The
chemical composition of the as-grown VN and Pd;_,Fe, layers
was analyzed with the CasaXPS software [39]. According to the
XPS data, the stoichiometry of synthesized layers was Pd/Fe =
96:4, V/N = 52.5:47.5 and Pd/Fe = 92:8, respectively, with an
accuracy of £0.5%. Neither impurities nor surface contamina-
tions were detected (compare with [40]). All recorded high-
resolution XPS spectra of VN and Pd;_,Fe, films were calibrat-
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ed to the binding energies of crystalline VN at 513.6 eV and of
metallic Pd at 335.0 eV [33,37], respectively.

Magnetic moment measurements shown in Figure 4 confirm the
composition of Pdy ggFeg 04 and Pdg goFeq gg through the ferro-
magnetic transition temperature 7¢c ~ 125 K and T¢ =~ 240 K, re-
spectively [41].

M, (emu/cm?)

240 "7

2004

160

1201

804

40

s VN/Pd,Fe

100 150 200
Temperature (K)

50

0.08

Pd; o6F€00s / VN

250

Figure 4: Saturation magnetization Mg(T) as a function of the tempera-
ture of the Pdg gsFep.04/VN (green symbols) and VN/Pdg g2Feg og (red

symbols) heterostructures measured in a magnetic field of 200 Oe.

a) Fe 2p,, b) Pd 3d,,
Pd 3d,,
Fe Pir2 satellite
Pd°
(721.1) (707.7)] |(706.7) (340.2) (335.0)
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Figure 3: In situ XPS spectra of (a) Fe and (b) Pd of the VN/Pdg goFeq 0s sample, and of (c) V and (d) N of the VN film.
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Temperature dependence of resistance and

superconducting transition

A physical property measurement system (QUANTUM
DESIGN PPMS-9, USA) was used for studying the tempera-
ture dependence of the electrical resistance of the VN thin films
and Pdy ggFeq.04/VN and VN/Pd 9oFe( og heterostructures in
the temperature range of 4.2-300 K. A four-probe resistance
measurement scheme was used. Figure 5 shows the measure-
ment results as a function of the temperature for the epitaxial
VN film and the heteroepitaxial Pdy 9gFeg 04/VN and
VN/Pdg goFeq gg samples. Table 1 contains the data on the
residual resistance ratio RRR (i.e., the ratio of room tempera-
ture resistance, R3gog, to the resistance at 10 K, Rgk), the
superconducting transition temperature (mid-transition crite-
rion) and the width of the superconducting transition (10-90%
criterion) for the VN thin film and the heterostructures with
Pd,_,Fe,.

Table 1: Electrical and superconducting properties of the VN film and
the Pdp.gsFeq.04/VN and VN/Pdg goFeg os heteroepitaxial structures on
MgO(001).

structure RRR T, (K) ATg (mK)
VN(30 nm) 52 7.7 25
Pd0_96F90_04(20 nm)/VN(30 nm) 3.5 7.2 37
VN(3O nm)/Pd0_92F60_08(12 nm) 2.6 6.1 50

The temperature dependence of the resistance of the VN thin
film is of metallic type and exhibits two temperature intervals,
one above 250 K and another one in the range of 80-180 K, of
quasi-linear temperature dependence with different temperature
coefficients of resistivity (TCR), i.e., 9.7 X 1073 Q/K and

6 T T T T T T
a)
5+ / i
* PdU QSFer04NN
@ A VN/Pd, ,,F€, s |
©
e
g3 T
R7
[72]
q) - -
K 2
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Temperature (K)
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2.1 x 1072 Q/K, respectively, marked by red straight lines over
the green line in Figure Sa. It is similar to the R(T) behavior of
VN/MgO(011) samples in [42], which was explained by a
change in the electron/phonon scattering amplitude upon
the structural phase transition from cubic to tetragonal at
T, = 250 K. Below 50 K the R(T) dependence saturates
approaching the residual resistance originating, in general, from
impurities and imperfections. Further cooling results in the
phase transition to the superconducting state as it is shown in
Figure 5b. The RRR value of 5.2 and the room-temperature
resistivity of 42.5 pQ-cm for the 30 nm thick VN film are
among the best values obtained to date [42-45], indicating the
high purity and structural quality of our VN film.

The superconducting transition temperature 7, of the VN film is
7.7 K (see Table 1), which is well above the temperature of
liquid helium, LHeT = 4.2 K. Figure 5b shows a very sharp
resistive transition at 7 = 7.7 K with a small width of 25 mK,
which is quite remarkable compared to an elemental niobium
film of the same (30 nm) thickness deposited in the same
chamber and under vacuum conditions (AT, [Nb(30 nm)]) =
10-23 mK).

Combining the VN film into a heterostructure with a palladium-
rich Pd;_,Fe, alloy leads to a lowering of T, because of the
proximity effect [28]. This may shift the material operation tem-
perature close to or even below the LHeT. With the iron content
x in Pdy_,Fe, alloy below 0.08 its magnetic properties meet all
the requirements for the F-layer in superconducting spintronic
S/F/S-type structures, i.e., it is a weak ferromagnet with a low
coercive field [41]. It is important that magnetic properties of
epitaxial Pd_,Fe, films are precisely controlled with the iron
content x [41], and a perfect cube-on-cube epitaxy is realized
with either the MgO(001) substrate or with the supercon-

1.0 r b) = __a——*?——?-
r“‘f“ r

0.8} .

o6l ——WN 1
@ ——Pd, Fe, VN

x

——VN/Pd,,Fe,

04} 1

0.2+ .
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Figure 5: Temperature dependence of the electrical resistance of the VN film and the Pdg gsFeg.04/VN and VN/Pdg goFeq og heterostructures: (a) full

temperature range, (b) low-temperature region.
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ducting VN layers in any sequence. Figure 5b shows that 12 nm
thick layer of Pd( goFe( og alloy adjacent to the 30 nm VN film
lowers T, from 7.7 K to 6.1 K, which is well above the LHeT.
Moreover, Figure 5b demonstrates that the transition stays
sharp: the maximum A7, increases only to 50 mK, and there is
no tail towards lower temperatures. Also, there is a room to op-
timize the superconducting parameters of the VN film towards
an increase in T, by about 1 K [43,44]. In our opinion, the
results hint at a possible use of heteroepitaxial combinations of
nitrides as superconductors and palladium-rich Pd;_,Fe, alloys
as weak tunable ferromagnets to improve the operation charac-
teristics of superconductor—ferromagnet—insulator heterojunc-
tions for superconducting spintronics applications. For example,
cubic superconducting MoN,, which is a Josephson junction
technology material [4,5,46], exhibits a good epitaxial match
with Pd_,Fe, alloys, ag(MoN) = 416.3 pm.

Conclusion

Fully epitaxial single-crystalline thin films of VN and
heteroepitaxial structures of Pd;_,Fe,/VN and VN/Pd;_,Fe,
(x = 0.04, 0.08, respectively) were grown on single-crystalline
MgO(001) substrates using a combination of UHV molecular
beam epitaxy and magnetron sputtering. The obtained 30 nm
thick VN films exhibit a sharp superconducting transition
with T, = 7.7 K and AT, = 25 mK. The heteroepitaxial
Pdj g6Feq 04/VN and VN/Pd() 9yFe( og structures reveal a super-
conductor—ferromagnet proximity suppression of the transition
temperature to 7, = 6.1 K. This is, however, well above the
liquid helium temperature of 4.2 K and, therefore, suitable for
superconducting spintronics. The superconducting transition
stays sharp with a somewhat larger width of AT, = 50 mK.
Moreover, there is no resistive tail towards lower temperatures.
These results, in our opinion, indicate that fully epitaxial
Pd;_.Fe,/VN and VN/Pd,_,Fe, thin film stacks can be consid-
ered as building blocks for superconducting spintronics ele-
ments.
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We calculate the current—phase relation (CPR) of a SN-S-SN Josephson junction based on a SN bilayer of variable thickness

composed of a highly disordered superconductor (S) and a low-resistivity normal metal (N) with proximity-induced superconduc-

tivity. In such a junction, the N layer provides both a large concentration of phase in the weak link and good heat dissipation. We

find that when the thickness of the S and the N layer and the length of the S constriction are about the superconducting coherence

length the CPR is single-valued and can be close to a sinusoidal shape. The product IR, can reach A(0)/2|e| (/.. is the critical cur-

rent of the junction, R,, is its normal-state resistance, A(0) is the superconductor gap of a single S layer at zero temperature). Our

calculations show, that the proper choice of the thickness of the N layer leads both to nonhysteretic current—voltage characteristics

even at low temperatures and a relatively large product I R,,.

Introduction

Josephson junctions are of interest for applications such as
voltage standards [1], SQUID magnetometers [2], particle
detectors [3], and energy-efficient superconductor logic and
memory circuits [4,5]. These applications need to have a large
critical current I to achieve high noise immunity. Also many
of these applications require to have a nonhysteretic
current—voltage characteristic (IVC) and a large characteristic
voltage V. = I.R,,, where R, is the normal-state resistance of the

junction.

Tunnel superconductor—insulator—superconductor (SIS)
Josephson junctions are characterized by small critical current
densities (significantly smaller than the depairing current densi-
ty of superconducting electrodes) and a hysteretic IVC (the
latter is related with the large capacitance of the insulator layer),
which restricts their applicability. Elimination of hysteresis in
SIS junctions requires an external resistor or a more complex

[TPRL]

circuitry. S-c-S Josephson junctions (where “c” is a geometric

constriction) have a small capacitance of the weak link and a
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high critical current (about the magnitude of the depairing
current of a superconductor), which allows one to obtain high
noise immunity. But due to large critical current and bad heat
dissipation their IVCs are hysteretic due to Joule heating
(=1.V, = Ican) and the subsequent formation of a stable region
with suppressed superconductivity (a so-called “hot spot”) at
I > I [6-9]. At temperatures near the critical temperature 7, the
hysteresis is absent because of the low I, and, therefore, small

dissipation, but this leads to a small voltage V..

Therefore, eliminating the thermal hysteresis without sacri-
ficing the voltage V. is important, albeit a nontrivial problem.
One solution is a normal metal shunt either on top of the junc-
tion [10] or at a distance from it [11,12]. The resistance and the
position of the shunt play an important role and they can lead to
a reduction of the junction characteristics because of the prox-
imity effect or a very small shunt resistance. In [13,14], it was
proposed to use a variable-thickness SN-N-SN bilayer in which
the superconducting layer is partially (or entirely) etched by
means of a focused ion beam. A sufficiently thick normal metal
layer act as a good thermal bath, which yields a nonhysteretic
current—voltage characteristic even at low temperatures. How-
ever, the increase of the thickness of the N layer leads to a sig-
nificant decrease of R, and, hence, to smaller values of V..

In our work, we calculate the current—phase relation and heating
effects in SN-S-SN Josephson junctions of variable thickness
based on a thin dirty superconductor with large normal-state
resistivity, pg = 100 pQ-cm, and a thin normal metal layer with
low resistivity, py = 2 pQ-cm. In such a thin SN bilayer the
superconducting current mainly flows in the N layer (due to
proximity-induced superconductivity and pg/pN > 1), and the
critical current of the SN bilayer may exceed the critical current
of a single S layer if the thickness of the S and the N layers are
about the superconducting coherence length [15]. Because of
the large diffusion coefficient, Dy > Dg, the N layer provides
both a large phase concentration in the constriction leading to a
single-valued current—phase relation (CPR) and an effective
thermal bath into which the heat from the junction area could be
dissipated, resulting in nonhysteretic IVC even at relatively low
temperatures. We also find that in comparison with a SN-N-SN
junction, the critical current density could be similar to the
depairing current density of the S layer, which makes it possible
to obtain I.R, = A(0)/2]e].

Model

The model system consists of a SN bilayer strip with length L
made of a superconducting film with thickness dg and a normal
metal film with thickness dy. At the center of the bilayer there
is a constriction with length a and thickness d. where the N

layer and, partially, the S layer are removed (Figure 1).
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z Ji
N a dy
S y
d.
d, S
7 > X

Figure 1: Sketch of a SN-S-SN Josephson junction based on a SN
strip of variable thickness.

We assume that in our system the current flows in the x direc-
tion, and in the y direction the system is uniform. To find the
current—phase relation of such a SN-S-SN Josephson junction at
all temperatures below 7. we solve a 2D Usadel equation for
quasiclassical normal g and anomalous f Green’s functions.
With the angle parametrization g = cos ® and f = sin ® exp(i}),
the 2D Usadel equation in different layers can be written as

2 2
hDs [ 9°0s  o*0g

2 ox? 022
D, 6]
—(hoon + h7sq2 cos@sjsin(as
+AcosOg =0,
Dy [ 6°0y N GHON
2 | a? &?
@3

D
—(hwn +I‘17Nq2 cos Oy }sin@N =0,

where the subscripts S and N refer to the superconducting and
the normal layer, respectively. Here %w,, = mkgT(2n + 1) are the
Matsubara frequencies (n is an integer number), q = V¢ = (g,,
¢.) is the quantity that is proportional to the supervelocity vy,
and ¢ is the phase of the superconducting order parameter. A is
the magnitude of the order parameter, which should satisfy the
self-consistency equation

Aln [TLJ =2mkgT Z {Sin Og —hA} 3)

c0 ©,>0 @y

where T is the critical temperature of the single S layer. We
assume that A is nonzero only in the S layer because of the
absence of attractive phonon-mediated electron—electron cou-
pling in the N layer. Equation 1 and Equation 2 are supple-
mented by the Kupriyanov-Lukichev boundary conditions [16]
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between the layers:

doe de
Dy S =Dy —N

Z:ds -0

C)

Z:ds +0

In the model we assume a transparent interface between the N
and the S layer, which leads to the continuity of ® at the NS
boundary. At the boundaries of the system with the vacuum we
use d®/dn = 0.

To find the phase distribution ¢ Equation 1-Equation 3 are
supplemented by a 2D equation,

div j, =0. 5)

Here, j is the superconducting current density, which is deter-
mined by the following expression:

j _ 2TCkBT

- 2
s ep q Z Sin @, (6)

,>0

where p is the residual resistivity of the corresponding layer. At
the SN-interface we use a boundary condition similar to Equa-
tion 4, and for the interfaces with the vacuum we use d¢/dn = 0.

At the system ends rigid boundary conditions are imposed:

$(0,2)=—-8¢/2, ¢(L,z)=35¢/2, 7

where d¢ is the fixed phase difference between the system ends.
This is different from the phase drop near the junction, which

we define as

0 =3p—kL, ®)

where k = g, (x = 0) is far from the constriction (in a similar
way ¢ is defined in [17,18]). The value of & is found from the
self-consistings solution of Equation 1-Equation 3 and Equa-
tion 5.

In numerical calculations we use dimensionless units. The mag-
nitude of the order parameter is normalized by kT =
A(0)/1.76, lengths are in units of &, =\/hDg / kgT,q ~ 1.33E(0),
where £(0) =/iDg/A(0) is the superconducting coherence
length at T = 0, and the current is in units of the depairing cur-
rent Igep of the superconductor at 7' = 0.

To calculate the CPR we numerically solve Equation 1-Equa-

tion 3 and Equation 5 by using an iteration procedure with fixed

Beilstein J. Nanotechnol. 2020, 11, 858—865.

d¢. When self-consistency is achieved (we stop the calcula-
tions when the maximal relative change of A between conse-
quent iterations is less than 107#) the Green’s functions are used

to calculate j5 and the supercurrent per unit of width, /g:

ds+dN

L= [ Jju(x=0)d )

We also compare the calculated CPR with the CPR of a 1D
S’-S-S’ system with a large ratio between the diffusion coeffi-
cients Dg/Dg > 1 (the length of the superconductor S is equal

to a). For these calculations we use a 1D Usadel equation.

Results
Current—phase relation of the SN-S-SN
Josephson junction

The function I4(g) in the SN bilayer may have one or two
maxima depending on the value of dg (see Figure 2) or of dy
(see Figure 3a in [15]). The maximum at small ¢ is connected
with the suppression of proximity-induced superconductivity in
the N layer at ¢ > g, =1/ ﬁ while the second maximum at
q=qn =1/ \/D75 > g, comes from the suppression of super-
conductivity in the S layer when ¢ > ¢.». The large difference
between ¢ and g, leads to a larger phase concentration in the
S constriction (see Figure 1) in comparison with the variable-
thickness strip (or Dayem bridge) made of the same material
and having the similar geometrical parameters. Because of that,
for relatively thin S layers the CPR is single-valued (see

Figure 3a), which is not easy to achieve in a Dayem bridge [19].

. A 0 dx :
® d=158 O d=t
single S-film

0.8

0.6

1/1,,,(0)

0.2

Figure 2: Dependence of the superconducting current /s flowing along
the SN bilayer on g for different ds. The solid line shows the depen-
dence of /5 on q for the single S strip. The dashed lines show the criti-
cal values of g. The current is normalized by the depairing current /gep
of the single S strip with thickness dg at T = 0.
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Figure 3: (a) Current-phase relation of a SN-S-SN Josephson junction at different ds. The current is normalized by the depairing current /gep of the
single S strip with thickness d; at T = 0. The junction parameters are shown in the figure. (b) Comparison of current—phase relations calculated on the
basis of 1D and 2D models. For the 2D case the parameters are ds = dy = &, dc = 0.5, T = 0.2Tg. For the 1D case the temperature T = 0.6T cor-
responds to T = 0.6T, where T, = 0.32T is the critical temperature of the SN bilayer with the chosen parameters. The superconducting current is

normalized by the critical current of the Josephson junction.

For relatively large dg there is a noticeable contribution to the
total supercurrent from the S layer, which means a smaller cur-
rent (phase) concentration in the constriction like in a common
Dayem bridge, and the CPR becomes multi-valued (see
Figure 3a for dg = 2&. and 3&).

In some respect, the studied Josephson junction resembles
Josephson junctions based on a S’-S-S’system composed of two
superconductors S and S’ having Dg' > Dg and the same thick-
nesses ds = dg' [17,20,21]. A Josephson junction based on this
quasi 1D system has a single-valued CPR, which approaches a
sinusoidal shape with increasing temperature. In Figure 3b we
compare the CPRs calculated for 1D S’-S-S’ and 2D SN-S-SN
systems. Since in the 1D model there is no suppression of 7,
through the N layer, we use in the calculations the ratio 7/T,
which corresponds to the ratio 7/T. of the 2D SN structure.
Visible differences between the calculated CPRs using differ-
ent models could be related with a transversal inhomogeneity

near the S constriction in the 2D case.

We have also studied the evolution of the CPR of the SN-S-SN
Josephson junction when varying different parameters. In
Figure 4a we demonstrate that with increase of the temperature
the current—phase relation comes close to a sinusoidal shape. At
T = 0.3T( the amplitude of the first harmonic, sin ¢, is 0.981,

and the amplitude of the second harmonic, sin 2¢, is —0.191).
This is typical for S’-S-S’ junctions [21] and is related to the
increase of the temperature-dependent coherence length &(7).
The effect of different dy is shown in Figure 4b. An increase in
dy leads to a slight shift of the maximum of /y(¢) to the left and
a decrease of /.. This can be explained by a lowering of T, of
the SN bilayer for thicker N layers. A lower /. means smaller
values of I.R,. However, as we discuss below, a large value of
dy provides better cooling of the S constriction and nonhys-
teretic IVCs.

An increase of the length of the weak link, a, leads to the shift
of the maximum of I (@) to the right (see Figure 4c) as it is
typical for common Josephson junctions with variable thick-
ness. Interestingly, in contrast to common junctions, /. in-
creases in the SN-S-SN system. This can be explained by a
lower value of the superconducting order parameter in SN
banks in comparison with A in the S constriction at /g = 0. With
increasing a the superconducting order parameter in the

constriction increases and /. increases too.

Finally, Figure 4d illustrates that a decrease of the ratio pg/py to
a third of the initial value hardly changes the current—phase
relation. Both the critical current and the shape of the CPR vary
only little.
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Figure 4: Variation of current—phase relation of SN-S-SN junction as a function of: (a) the temperature; (b) the thickness of the N layer dy; (c) the
length of the constriction, a; (d) the ratio between the resistivities. The current is normalized by the depairing current /gep 0f the superconducting strip

with thickness dg at T = 0.

Effect of Joule heating in SN-S-SN junctions

The absence of hysteresis in the current—voltage characteristics
is important for devices based on Josephson junctions. The
hysteresis in Dayem bridge, variable-thickness, S’-S-S’ or S-N-
S junctions is mainly caused by the temperature rise in the
weak-link region in the resistive state due to Joule heating and
the formation of hot spots [7-9]. A relatively large gap A in
superconducting banks plays an important role here because it
prohibits heat dissipation from the S or the N link at low tem-
peratures kg7 < A and it leads to hysteresis even for S-N-S
junctions of variable thickness [22]. This problem could be
resolved by adding heat sinks (voltage leads attached to the N
link could play such a role [23]). However, this complicates the
geometry of the junction. Local heat production is expected to
be large in a SN-S-SN junction due to large critical current den-
sity, which is about the depairing current density of the super-
conductor. As we show below, the presence of a relatively thick
N layer with large diffusion coefficient and small minigap in the

electron spectra provides efficient cooling of the constriction.

To estimate the increase of temperature in the resistive state we
use a two-temperature (2T) model [24,25] for the SN-S-SN
junction. We suppose that electron temperature T, = T + 87T
and phonon temperature T, = T + 8T}, are close to the substrate
temperature, 87, 8T}, < T and do not vary along the thickness.
In the N layer the proximity-induced gap (minigap) is small,
and, due to the inverse proximity effect, the gap in the relative-
ly thin S layer (dg < 1.5&;) is also suppressed in comparison
with a single S layer, which permits heat diffusion from the N
to the S layer in SN banks. In the S constriction being in the
resistive state at [ > [ the superconducting order parameter is
also suppressed. It allows us to use normal-state heat conduc-
tivity both in the SN and the S region in the heat conductance
equation for the calculation of 87,. This is in contrast to S-N-S
and S’-S-S’ junctions where heat conductivity is suppressed in
the superconducting banks. In our model Joule dissipation is
taken into account only in the S constriction, because in the SN
bilayer it is considerably lower due to the much lower resis-

tivity and lower current density. Because of the small length of
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the constriction and the large difference in diffusion coeffi-
cients and thicknesses in constriction and banks we can neglect
heat flow to phonons and substrate in the constriction (the main
cooling of the junction comes from the diffusion of hot elec-
trons to SN banks). In the SN bilayer Dy > Dg and heat diffu-
sion occurs mainly along the N layer. With above assumptions
we obtain the following equation for 67:

d?8T, ,
3 os (i) fxs =0p <2,
2 (10)
e e g x2ap2,
& Al

where kg =2 DSTE2 N (O)kl%T /3 is the electron heat conductivity
of the S layer in the normal state, and N(0) is the one-spin den-
sity of states on the Fermi level,

amn

is the thermal healing length, B = [yTesc 4500(3)T/[tgn*Teol,
C(5) = 1.03, Teqc is the escape time of nonequilibrium phonons
to the substrate, y = 8n2Ce(TC0)/Cp(Tco) is the ratio between
electron and phonon heat capacity at T = T and 1y determines
the strength of electron—phonon inelastic scattering in the S and
the N layer (see Equations 4 and 6 in [25]). For 1y we use the
smallest time for S and N materials due to the assumably good
transfer of electrons between the S and the N layer and the
small thickness of the layers. On the boundary between S and
SN regions we use a continuity of the electron temperature,
0T ¢cla2—0 = 0T¢lu2+0, and of the heat flux

doDg e

c =dyDN—=

dx

al2-0 al2+0

Using Equation 10 and above boundary conditions, we find the

maximal temperature increase in the constriction:

2 2 2
@:0‘23 a (Lo L Dsd, 4}”77+1 .(12)
T & T Laep (0) Dydy  a

In the following estimations we use the parameters of NbN
(S layer) and Cu (N layer): Too = 10 K, Dg = 0.5 cm?/s,
ps =200 uQ-cm, DN =40 cm?/s, pN = 2 uQ-cm, Tg = 1 ns (theo-
retical estimation for NbN taken from [25]), €. = 6.4 nm,y=9,
dg = 1.25&;, dy = 2&;, Tesc = 4(dn + dg)/u = 41 ps
(u = 2-10° cm?/s is the mean speed of sound), T/ = 0.3,
T./Teo = 0.43, a= 0.5E., d. = 0.5E.. With these parameters

Beilstein J. Nanotechnol. 2020, 11, 858—865.

B ~0.53, I = 0.2214p(0) (see Figure 4b) and 57,™ /T ~ 0.24
is small, thanks to Dy > Dg and dy > d.

Discussion

We use an Usadel model to calculate the current—phase relation
of a SN-S-SN Josephson junction based on a high-resistivity
superconductor and a low-resistivity normal metal. In [15],
from comparison of experiment and theory it was concluded
that the Usadel model underestimates proximity-induced super-
conductivity in the N layer and overestimates the inverse prox-
imity effect in the S layer in NbN/Al, NbN/Ag and MoN/Ag bi-
layers. Namely, the suppression of the critical temperature of
the SN bilayer is smaller while the change in magnetic field
penetration depth of the SN bilayer is larger than the Usadel
model predicts. Therefore, the present results should be consid-
ered only as a route for a possible experimental realization of
SN-S-SN Josephson junctions. They demonstrate that the thick-
ness of the S layer should not exceed ca. 1.5&;, otherwise the
current—phase relation is not single-valued for reasonable
lengths and thicknesses of the S constriction. The thickness of
the N layer should not be too small (a small dy leads to large
overheating) and not too large (a larger dy leads to lower 7 and
smaller /.. at a fixed substrate temperature).

Our results show that the SN-S-SN Josephson junction in many
respects resembles Dayem bridge, variable-thickness, S’-S-S’ or
S-N-S junctions. The product

A(O) a I

C

[ & Lap (0)°

Ve=1.R, = (13)

can reach 0.5A(0)/|e| at a low temperature (T = 0.17.g) and
a = &. (see Figure 4c) due to use of a superconductor in the
constriction area, instead of a normal metal as in [13]. In case of
NbN with T.g = 10 K one may have V. = 0.75 mV but accord-
ing to Equation 12), 87," will be larger than T when using
these parameters. However there is the hope, that the critical
temperature of a real SN bilayer is higher than the Usadel
model predicts (see discussion above) and therefore large I
values could be reached at higher operating temperatures 7/7,
leading to a drastic reduction of 37, (see Equation 12).

SN-S-SN junctions made of a NbN/Al bilayer have been fabri-
cated recently [26] and indications of the Josephson effect (the
presence of Shapiro steps and a Fraunhofer-like dependence of
the critical current on the magnetic field) have been observed.
But due to not optimized parameters (ds = d. ~ 15 nm = 2.3 &,
dy=29nm~4.5E&,a=20nm=3.1E&) the IV curves were
hysteretic already at temperatures close to the critical tempera-

ture and the width of Shapiro steps did not follow the theoreti-
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cal expectations [26]. Modern technology allows one to fabri-
cate constrictions with lengths of about 5 nm, which is smaller
than & in NbN, with the help of helium ion beam lithography.
The successful implementation of this method could lead to the
creation of low-temperature nanoscale Josephson junctions and
arrays of them. For example, SN-S-SN junctions can be promis-
ing to use in programmable voltage standards [1], where a large
value of V. allows for a reduction of the number of junctions
and for the use of Shapiro steps of orders higher than one.
Nonhysteretic current—voltage characteristics with large V, at
low temperatures allow for the use of these structures for
various low-temperature applications, e.g., particle detectors

(3].

Conclusion

We have calculated the current—phase relation of a Josephson
junction based on a SN-S-SN strip of variable thickness, where
S is a dirty superconductor with large normal-state resistivity
and N is a low-resistivity normal metal. We find a range of pa-
rameters for which the CPR is single-valued, is close to a sinu-
soidal shape, and I.R, <A(0)/2e|. Our estimations demonstrate
that a relatively thick N layer serves as effective heat conductor
yielding weak overheating and a nonhysteretic current—voltage
characteristic of the SN-S-SN Josephson junction.
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Abstract

A series of Zn;_Mg,O thin films with the composition range x = 0.00-0.40 has been prepared by sol-gel spin coating on Si sub-
strates with a post-deposition thermal treatment in the temperature range of 400—650 °C. The morphology of the films was investi-
gated by scanning electron microscopy and atomic force microscopy while their light emission properties were studied by photolu-
minescence spectroscopy under excitation at 325 nm. It was found that annealing at 500 °C leads to the production of macroscopi-
cally homogeneous wurtzite phase films, while thermal treatment at higher or lower temperature results in the degradation of the
morphology, or in the formation of ZnO particles embedded into the ZnMgO matrix, respectively. Local compositional fluctuations
leading to the formation of deep band tails in the gap were deduced from photoluminescence spectra. A model for the band tail dis-
tribution in the bandgap is proposed as a function of the alloy composition. Thin films were also prepared by aerosol spray pyroly-
sis deposition using the same sol-gel precursors for the purpose of comparison. The prepared films were tested for photodetector

applications.

Introduction

The ZnMgO solid solution system is of interest due to the possi-  attractive for short-wavelength optical applications such as UV
bility to tailor many important physical properties by varying  detectors [1-5] and light emitters [6-9].

their composition. This alloy system covers a wide ultraviolet

(UV) spectral range between the direct bandgaps of 3.36 eV for ~ Various techniques have been used for the preparation of

ZnO and 7.8 eV for MgO at room temperature, making it very =~ ZnMgO films such as radio-frequency plasma-assisted molecu-
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lar beam epitaxy (RF-MBE) [2,7,10,11], DC [12,13] and RF
[1,3,6] magnetron sputtering, pulsed laser deposition (PLD)
[14,15], plasma-enhanced atomic layer deposition (PE-ALD)
[16], chemical vapor deposition (CVD) [17], metal-organic
chemical vapor deposition (MOCVD) [18,19], hydrothermal
[4], chemical bath deposition (CBD) [20], sol-gel spin coating
[21-29], and spray pyrolysis [28-34]. Among these techniques,
the sol—gel spin coating method has the advantage of ensuring
easy control and handling of chemicals and substrates, as well
as excellent control over stoichiometry. Because the process
does not require vacuum conditions and can be performed at
low temperature, it is suitable for the fabrication of high quality,
large area thin films at a fast rate and low cost. This method
also offers the possibility for easy doping and preparation of ho-

mogeneous films with good electrical and optical properties.

The films are prepared on various substrates such as ZnO [6],
MgO [17], Si [2-4,23], CaF, [12], Al,03 [18], sapphire
[7,10,11,13-16,19,31,32], glass and quartz [1,20,21,23-
30,33,34]. The choice of the substrate is determined by the ap-
plication. In particular, glass, quartz or sapphire substrates
are usually used for photodetectors in the metal-semiconduc-
tor—metal (MSM) configuration, including Schottky photodetec-
tors [1,19,24,25,28-32]. A comparison of MSM photodetectors
based on ZnMgO films prepared by spin coating and spray py-
rolysis performed recently revealed that the sensitivity of the
structures prepared by spin coating is higher as compared to
those obtained by spray pyrolysis, while the photoresponse to
UV irradiation is faster in devices based on spray pyrolysis
films [29].

Solar-blind UV photodetectors with the highest responsivity to
date were demonstrated on sapphire substrates by introducing
ZnO or Al,O3 buffer layers [11,16]. With respect to photodetec-
tors with p—n junctions, some photodetectors have been demon-
strated on p-type Si [2,4] because p-type doping is still a big
challenge to ZnO-based semiconductors. Liang et al. demon-
strated a ZnMgO/p-Si heterojunction solar-blind UV photode-
tector with a BeO buffer layer [35].

In terms of the crystal structure of ZnMgO films used in
photodetectors, three types of structures are used, namely, hex-
agonal wurtzite structure (w-ZnMgO), cubic rock salt structure
(c-ZnMgO) and films with mixed-phase (m-ZnMgO) [5]. Since
the crystal structure of the alloy changes from w-ZnMgO to
c-ZnMgO with increasing Mg content, the coexistence of two
structures in ZnMgO films is unavoidable in the structure trans-
formation process, in a certain interval of Mg concentrations.
The phase segregation process was investigated in detail by
means of X-ray diffraction, element-specific near-edge X-ray

absorption fine structure (NEXAFS), electron dispersive spec-
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troscopy (EDS), atomic force microscopy (AFM), UV-vis spec-
troscopy, photoluminescence (PL) and resistivity measure-
ments in Zn;_,Mg,O thin films deposited by the sol-gel spin-
coating route in the composition range x = 0.00-0.40 [23]. It
was found that the phase segregation manifests itself starting at
a Mg content of x = 0.25. However, the results showed that
films are deposited with wurtzite structure as the dominant
phase even after phase segregation in the investigated Mg con-
centration interval. The issue of phase segregation was also in-
vestigated via selective resonant Raman scattering in a wider
composition range of x = 0.00-0.78 for Zn;_Mg,O thin films
grown by reactive DC magnetron co-sputtering [12]. It was
shown that this investigation technique is highly sensitive for
the detection of embedded structural inhomogeneities, and it
was found that the phase segregation occurs in the range of x =
0.35-0.65 with coexistence of both wurtzite and NaCl struc-

tures.

In addition to crystallographic structure fluctuations, composi-
tional fluctuations at the microscopic level are even more likely
in Zn;_,Mg,O alloys. Compositional fluctuations have been
deduced from photoluminescence (PL), photoluminescence ex-
citation (PLE) and optical absorption (OA) spectroscopy inves-
tigations in w-ZnMgO films produced by RF-MBE in the com-
position range x = 0.00-0.37 [36] and x = 0.27-0.55 [10], re-
spectively. The observed Stokes shifts were indicative of the
presence of band tail states introduced by alloying, while the
“S-shaped” temperature dependence of the maximum PL emis-
sions was explained in terms of exciton localization in potential
traps induced by Mg compositional fluctuations. The fluctua-
tions in the local arrangement of Mg and Zn atoms have been
also recently investigated by means of cathodoluminescence
(CL) and OA spectroscopy in c-ZnMgO films produced by
CVD in the composition range x = 0.61-0.81 [17], where a rela-
tively large Stokes-like shift of 0.7-0.8 eV was observed. The
understanding of the influence of compositional fluctuations in
sol-gel spin-coated ZnMgO thin films on their properties is of
particular importance. Towards this goal, the present study
explores the PL characteristics of Zn;_,Mg,O films in the com-
position range x = 0.00-0.40, under excitation with sub-
bandgap photon energies from the 325 nm line of a He-Cd
laser. Some possible applications of these films as UV photode-
tectors are also discussed.

Results and Discussion

Figure 1a compares the morphology of ZnMgO films deposited
by spin coating and aerosol spray pyrolysis methods. Both
methods produce thin films with uniform morphology. Howev-
er, the roughness of films prepared by spin coating is larger as
compared to those prepared by aerosol spray pyrolysis. The

roughness parameters of films were determined from the analy-
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sis of AFM images as published in our previous paper [28].
Graphical representations of the AFM profiles for films pre-
pared by spin coating and aerosol spray pyrolysis are presented
in Figure 1b. The RMS values deduced from the AFM profiles
were found to be of 12 nm and 5 nm for ZnMgO films prepared
by spin coating and aerosol deposition, respectively.

Spin coating (@) Aerosol deposition

—~60
40
=40 bt
%20 %20
T To ] | ]
0 1 2 3 4
0 0 ! ] 3 P Lateral distance (vm)

1 2
Lateral distance (vm)

Figure 1: a) SEM images of ZnMgO films deposited on p-Si sub-
strates by spin coating (left column) and aerosol deposition (right
column) methods. b) Graphical representations of the AFM profiles for
ZnMgO films.

As described in the experimental section, the thickness of films
prepared by spin coating is determined by the number of cycles
applied. One should note that the morphology of films
deposited by spin coating and subjected to post-deposition
annealing at 400 °C and 500 °C is similar. However, the mor-
phology degrades for films annealed at temperatures higher than
600 °C. Figure 2 compares the surface morphology of films pre-
pared by aerosol spray pyrolysis and spin coating annealed at
500 °C with the morphology of the film prepared by spin
coating annealed at 650 °C. The analysis of the morphology in
Figure 2a and Figure 2b corroborate the results of the AFM
analysis revealing a larger roughness of films prepared by spin
coating as compared to those prepared by aerosol spray pyroly-
sis. At the same time, the annealing of films at 650 °C (see
Figure 2c) leads to deterioration of the morphology resulting in
numerous cracks.

We suppose that the difference in roughness of films prepared
by the two methods is determined by the specific features of the
technology. Namely, the deposition of films by spray pyrolysis
occurs in a single technological step, while ten cycles are
applied in spin coating, and the deposited film is annealed in the

Beilstein J. Nanotechnol. 2020, 11, 899-910.

Figure 2: a) SEM image of a ZnMgO film prepared by aerosol spray
pyrolysis. b) SEM image of a ZnMgO film prepared by spin coating and
annealed at 500 °C. c) SEM image of a ZnMgO film prepared by spin
coating and annealed at 650 °C.

eleventh step. Apart from that, the deposition of films with
spray pyrolysis is performed at a relatively high temperature of
the substrate (400-650 °C), while the substrate is maintained at

room temperature during the spin coating.

The influence of the film thickness on the morphology was not
investigated specifically in this paper. However, it was ob-
served that the film roughness increases with increasing film
thickness from 100 nm to 500 nm. Thus, the morphology pa-
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rameters, as well as the electrical parameters, should be com-
pared for films with as close as possible thicknesses. The rough-
ness of films prepared by spin coating is also determined by the
viscosity and concentration of the solution used as well as by
the rotational speed of the substrate.

The composition of the prepared films was determined by
energy dispersive X-ray analysis (EDAX). Examples of the
elemental composition analysis are presented in Figure 3 for
ZnO and Zng gMgp 4O films. The results of measurements
demonstrate stoichiometric compositions within limits of the
errors defined by instrumental accuracy.

30
1@ [
20—- "
= Element | Weight % | Atomic %
2] 0 20.91 51.93
S [0 Zn 79.09 48.07
10-] Total 100.00 100.00
0 I T L) T L) I L) T L) T I T L) Ll L) I L) T L) Ll I Ll L) T
0 1 2 3 4 keV
] (b) Element | Weight % | Atomic %
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Figure 3: Elemental composition of a ZnO (a) and a Zng gMgp.40 (b)
film determined by EDAX analysis.

The luminescence was investigated in films annealed at 400 °C
and 500 °C. As seen from Figure 4, the PL spectra of films
annealed at 500 °C consist of a broad emission band at both
room temperature and low temperatures, which shifts to higher
photon energies with increasing Mg content in the alloy. How-
ever, the position of the PL band does not follow the increase of
the alloy bandgap with increasing x value. The higher the x
value, the larger the difference between the bandgap and the PL

band maximum.

Table 1 compares the position of the PL band with the bandgap
of the alloy. Moreover, the luminescence is excited by the
photon energy (3.81 eV) much lower than the bandgap for the
thin film with the x value of 0.40 (4.28 eV).
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Figure 4: PL spectra of Zny_,Mg,O films deposited by spin coating
with x values of 0.00 (1); 0.05 (2); 0.15 (3); and 0.40 (4), annealed at
500 °C and measured at a) 300 K and b) 20 K.

Table 1: The PL band spectral position and the bandgap value for
ZnMgO films at room temperature.

xvalue  PLband maximum (eV) Alloy bandgap (eV)?
0.00 3.30 3.36
0.05 3.39 3.47
0.15 3.50 3.70
0.40 3.53 4.28
@From [37].

The same is true for the luminescence measured at low tempera-
ture (Table 2). The bandgap of the alloy at low temperature was
recalculated from the known values at room temperature, taking
into account that the bandgap increases by around 80 meV with
the decrease of temperature from 300 K to 20 K [38].

These observations are explained by the formation of large band

tails in the density of states of solid solutions. It was shown that

large random local-potential fluctuations occur in highly doped
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Table 2: The PL band spectral position and the bandgap value for
ZnMgO films at 20 K.

x value PL band maximum (eV)  Alloy bandgap (eV)
0.00 3.36 3.44
0.05 3.45 3.55
0.15 3.53 3.78
0.40 3.56 4.36

and compensated semiconductors [39] and solid solutions [40]
due to the microscopic inhomogeneity caused by impurity dis-
tribution in the first case and composition distribution in the
second case. This spatially fluctuating band structure results in

the formation of deep band tails in the gap.

As for the samples annealed at 400 °C, the luminescence spec-
tra revealed the presence of two PL bands, as shown in
Figure 5, which is indicative of the presence of two compo-
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Figure 5: PL spectra of Zny_,Mg,O films deposited by spin coating
with x values of 0.00 (1); 0.10 (2); and 0.25 (3), annealed at 400 °C
and measured at a) 300 K and b) 20 K. For comparison, the spectrum
of a bulk ZnO single crystal is shown by curve (4).
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nents in the samples. The lower energy PL band comes from
ZnO crystallites embedded into the ZnMgO alloy matrix, which
is responsible for the high energy broad PL band. To demon-
strate that the low energy PL band is related to ZnO crystallites,
it is compared to the spectrum of a high quality ZnO crystal
measured at low temperature (curve 4 in Figure 5b). One can
see that the spectral position of the main PL bands coincides
well. In the ZnO single crystal, the main PL band at 3.359 eV is
associated with the radiative recombination of neutral donor
bound excitons (D%X) [38,41,42]. The shoulder at higher
photon energies is due to the recombination of free A excitons,
while the PL bands at lower photon energies represent the
LO-phonon replicas of the AX and DX bands at 3.29-3.31 eV,
and the 2LO-phonon replicas at 3.22-3.24 eV. The PL band at
3.359 eV in films comes also from the recombination of DX
excitons in ZnO crystallites, while the PL bands at 3.324 eV,
3.267 eV and 3.202 eV are related most likely to free-to-bound
transitions due to some impurities in the ZnO crystallites.

Therefore, the annealing temperature of 400 °C is not enough
for the production of single phase ZnMgO films by sol-gel spin
coating. On the other hand, ZnMgO:ZnO composite films with
ZnO nanoparticles embedded into the ZnMgO matrix are use-
ful for fast electron transport and high charge balance in quan-
tum dot light emitting diodes [22].

The multiphase composition of films prepared by spin coating
and annealed at temperatures lower that 450 °C was revealed by
X-ray diffraction (XRD) analysis. As one can see from
Figure 6b, reflexes related to ZnO inclusions (PDF Card No.
01-075-1533) are observed in the film annealed at 400 °C,
along with those related to Zny gMgy 2,0 (PDF Card No.
01-078-3032). The peak around 43° can be assigned to some
trace of MgO, while those at 38.5° and 44° could be due to
some Zn clusters [43]. A peak at 40.5° marked with an asterisk
in Figure 6b was previously found in ZnO nanopowders pre-
pared by the sol-gel method with zinc acetate dihydrate as a
precursor [44]. In contrast to this, only peaks related to the
Zng gMg( ,0 phase are observed in the film annealed at 500 °C.
Silicon substrates were used for films annealed at temperatures
higher than 500 °C to avoid softening of the glass substrate.

Table 3 summarizes the PL band position at 20 K and at room
temperature in ZnMgO films prepared by sol—gel spin coating.

A model for the band tail distribution and the PL position at
20 K is proposed in Figure 7 for ZnMgO films.

For the films of Zny 9oMgg.100 and Zny gsMgg.150, the laser

line excitation energy is higher than the bandgap, while for the
films of Zng 75Mgg.250 and Zng goMg( 40O the photon excita-
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Figure 6: a) XRD pattern of a Zng gMgp 2O film deposited by spin
coating on a Si substrate and annealed at 500 °C. b) XRD pattern of a
Zng 8Mgp 20 film deposited by spin coating on a glass substrate and
annealed at 400 °C.

Table 3: The summarized PL band maximum in Zn{_,Mg,O films.

x value PL band position PL band position
at 20 K (eV) at 300 K (eV)
0.00 3.36 3.30
0.05 3.45 3.39
0.10 3.52 3.45
0.15 3.53 3.50
0.25 3.56 3.50
0.40 3.56 3.53

tion energy is lower that the bandgap, and the luminescence is
excited by transitions between the states from the band tails.
After excitation, the carriers relax to the minimum possible
energy in the band tails, which determines the spectral position
of the PL band. With increasing x value from 0 to 0.40, the
deepness of band tails in the gap increases to about 400 meV.

One can see from Figure 4 and Figure 5 that narrow emission
lines related to resonance Raman scattering (RRS) are present
in the emission spectrum from the ZnMgO films in addition to
the broad PL bands, which is indicative of the high optical prop-
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Figure 7: A model for the band tails distribution at 20 K in Zn{_,Mg,O
films with the x value composition of a) 0.10; b) 0.15; ¢) 0.25 and d)

0.40.

904



erties of the films produced by sol-gel spin coating. RRS from
solids can be observed if the energy of the incoming or scat-
tered photons matches real electronic states in the material. One
refers to incoming and outgoing resonance, respectively [38,45-
47]. Taking into account the band gap value and the width of
band tails in ZnMgO thin films with various compositions at
temperatures at which the emission spectra were measured
(20 K and 300 K), and their correlations with the energy of the
incident excitation photons (3.81 eV) and the energy of photons
scattered by 1LO (3.74 eV) and 2LO (3.67 eV) phonons,
Table 4 summarizes the conditions of RRS at the respective
temperatures.

Therefore, according to Table 4, clear 2LO RRS peaks are ob-
served in Figure 5b for the Zng 9oMgp 10O and Zng 75sMgg 250
samples at low temperature, and a 1LO RRS peak is found in
Figure 5a for the Zngy 75Mg( 250 sample at room temperature.
For the sample Zng gsMgg.150, the 2LO RRS peak is observed
at low temperature in Figure 4b, and the peaks corresponding to
1LO RRS and 2LO RRS lines are revealed in Figure 4a at room
temperature. Finally, lines corresponding to 1LO RRS and 2LO
RRS processes are observed in Figure 4a and Figure 4b due to
the interaction of the large band tails with both the incident and
scattered photons in the Zng goMgg 400 sample.

The prepared ZnMgO thin films were tested for photodetector
applications in the metal-semiconductor-metal (MSM) design
configuration with coplanar metal Pd contacts in our previous
paper [29]. The films demonstrated photosensitivity under UV
light irradiation, where the photosensitivity was much higher in
samples prepared by spin coating as compared to those pre-
pared by aerosol spray pyrolysis. Additionally, the resistivity of
films deposited by spin coating was found to be much higher.
Apart from that, a long duration relaxation of photoconduc-
tivity was shown to be characteristic for films prepared by spin

Beilstein J. Nanotechnol. 2020, 11, 899-910.

coating, while a fast response to irradiation was observed in
samples prepared by aerosol spray pyrolysis.

Similar to the issues about the influence of the technology on
the morphology of films discussed above, we suppose that the
difference in the electrical parameters of films prepared by the
two methods is determined by the specific features of the tech-
nology. The concentration of unintentionally introduced impuri-
ties and intrinsic defects is different with the two methods, par-
ticularly due to different numbers of technological steps and the
different temperature of the substrate during the deposition pro-
cesses. In our opinion, the higher resistivity of the films pre-
pared by spin coating as compared to those obtained by spray
pyrolysis indicates a higher degree of conductivity compensa-
tion, due to the higher concentration of acceptor levels intro-

duced during spin coating.

Long duration relaxation of photoconductivity and persistent
photoconductivity was previously observed in highly doped and
compensated semiconductors [39], porous semiconductors [48]
and solid solutions [40]. The origin of these phenomena was
assumed to be the same in different materials, and it was attri-
buted to random local-potential fluctuations. As mentioned
above, the random local-potential fluctuations are also responsi-
ble for the emergence of broad PL bands in the near bandgap
spectral region. These potential fluctuations lead to the forma-
tion of potential barriers, which have to be overcome for the
recombination of photoexcited carrier to occur during the relax-
ation processes. On the other hand, the mechanisms for
attaining such potential fluctuations were found to be different.
In highly doped semiconductors, the amplitude of potential
fluctuations is determined by the degree of doping and conduc-
tivity compensation. In porous semiconductors the amplitude is
determined by the degree of porosity, while it is a function of
local fluctuations of the composition in solid solutions, includ-

Table 4: The conditions of resonance Raman scattering in ZnMgO films for various compositions and temperatures.

Thin film composition T=20K T=300K

Zng.90Mgo.100 Bandgap (3.66 eV) in resonance with the 2LO  No RRS lines
scattered photon (3.67 eV).
(Outgoing resonance)

Zng.gsMgp.150 Bandgap (3.78 eV) in resonance with the Bandgap (3.70 eV) in resonance with the 1LO scattered
incident photon (3.81 eV). photon (3.74 eV). Band tails in resonance with the 2LO
(Ingoing resonance) scattered photon (3.67 eV).

(Outgoing resonance).

Zng.75Mgg.250 Band tails in resonance with the incident Band tails in resonance with the incident photon.
photon and with the 2LO scattered photon. (Ingoing resonance)
(Combined resonance)

Zng 60Mgo.400 Band tails in resonance with the incident Band tails in resonance with the incident photon and

photon and with the 1LO scattered photon.

(Combined resonance)

with the 1LO scattered photon.
(Combined resonance)
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ing ZnMgO. The observation of the long duration component in
the relaxation of photoconductivity in ZnMgO films deposited
by spin-coating corroborates the data deduced from the analy-
sis of photoluminescence spectra. At the same time, the lack of
such a component in films prepared by aerosol deposition may
be interpreted as reduced local composition fluctuations and
lower local-potential fluctuations in such films. This statement
is corroborated by the comparison of PL spectra of films pre-
pared by the two methods. For example, Figure 8 compares the
PL spectra of two films with the composition of Zng gsMgq 150
prepared by spin coating and aerosol spray pyrolysis, measured
at low temperature (20 K) and room temperature.

PL intensity (10**cps)

0 ! ! 1 ! I
32 3.3 34 35 36 3.7 3.8
Photon energy (eV)
40
(b)
2

PL intensity (10%cps)
N w
o o
T T

_
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3.2 3.3 3.4 3.5 3.6 3.7 3.8
Photon energy (eV)

Figure 8: PL spectra of Zng gsMgp.150 films by spin coating (curve 1)
and aerosol spray pyrolysis (curve 2) measured a) at room tempera-
ture and b) at 20 K with a linear intensity axis.

One can see that the PL band in the film prepared by spay py-
rolysis is much narrower as compared to the band in the film
prepared by spin coating, and it is shifted to higher photon
energy, i.e., closer to the bandgap position. Apart from that, the
luminescence in films prepared by aerosol spray pyrolysis is not

excited, when the x value is higher than 0.15. This observation
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indicates that the band tails are very narrow, if there are any. It
could also be that the local-potential fluctuations in films pre-
pared by spray pyrolysis are due to inhomogeneous distribution
of intrinsic defects or unintentional doping impurities, as previ-
ously observed in undoped [38,49] or Cu, Ni, Co, or Al doped
[46,50] ZnO materials, instead of local composition fluctua-
tions.

Usually, the full width at half maximum (FWHM) of the PL
band in ZnO with carrier concentration in the range of
10" cm™3 to 10! em™3 is less than 50 meV. The concentration
should be in the range of 102° cm™3 to 102! cm™ to reach a
FWHM value of 200 meV, i.e., the material should be highly
conductive. On the other hand, the FWHM of PL bands in films
prepared by spin coating reaches values of 200 meV, while the
material is highly resistive, as mentioned above. This means
that the formation of large band tails in films prepared by spin
coating cannot be attributed to doping with impurities or to
intrinsic defects, but to local composition fluctuations. The ob-
served PL band also cannot be attributed to low concentration
impurities or intrinsic defects since the PL bands related to such
impurities in the region of the absorption edge are narrow (they
are due to either free-to-bound transitions or donor-acceptor
transitions) [41]. Wider PL bands related to impurities are ob-
served in the visible spectral range, but this is not the subject of
this paper.

Finally, the ZnMgO films deposited on p-type Si substrates
were tested for photodetector applications in a heterostructure
design with a metallic contact deposited on the n-ZnMgO film
and another contact on the p-type Si substrate. Figure 9 and
Figure 10 compare the current—voltage characteristics of p-Si/n-
Zn;_Mg,O heterojunctions for two films deposited by spin
coating with x values of 0.10 (Figure 9) and 0.40 (Figure 10).
One can see from Figure 9b and Figure 10b that in both cases
the current—voltage characteristic does not fit the_classical
formula for a p-n junction, 1=@[€Xp(%j—l}, which
should be a straight line for the forward bias in the semi-loga-
rithmic coordinates. On the contrary, the characteristics are fit
to straight lines in the double logarithmic coordinates (Figure 9¢
and Figure 10c). Moreover, the investigated heterojunctions
work as photodetectors at forward bias, while a classical p—n

junction should function as a photodetector at reverse bias.

Since the current—voltage characteristics are fit to straight lines
in the log-log coordinates, it means that they correspond to a
power function [ «« U™, according to the Lampert theory [51].
For the heterojunction with a Zng gMgg ;O film in the dark, the
n value is about 4, while it becomes equal to 2 under illumina-
tion, which corresponds to the space charge limited (SCL) cur-

rent injection according to the Mott—Gurney (MG) law [52]. For
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Figure 9: Current-voltage characteristics in dark and under UV illumi-
nation for a p-Si/n-Zng gMgp.1O heterostructure plotted on linear (a),
semi-logarithmic (b) and double logarithmic coordinates (c).

the heterojunction with a Zny Mg 4O film, the current—voltage
characteristics fit to the MG law both in the dark and under illu-
mination (see Figure 10c). These observations suggest that the
investigated heterojunctions work at forward bias as injection
photodiodes [53,54].

A more detailed investigation of photodetectors developed on
ZnMgO films, including correlations between PL and sensing
properties, is in progress in our laboratory, but the results will

be published in a separate paper.
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Figure 10: Current—voltage characteristics in dark and under UV illumi-
nation for a p-Si/n-Zng gMgp.4O heterostructure plotted on linear (a),
semi-logarithmic (b) and double logarithmic coordinates (c).

Conclusion

The results of this study demonstrate the preparation of ZnMgO
thin films by spin-coating on Si substrates with homogeneous
morphology at the macrosopic level. However, compositional
fluctuations of the alloy are deduced at the microscopic level
from the investigation of photoluminescence spectra. The local
potential fluctuations induced by compositional fluctuations
lead to the formation of deep band tails in the gap, which make
it possible to excite photoluminescence with under-bandgap

photon energies. The potential fluctuations also result in a long
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duration relaxation of photoconductivity in photodetectors pre-
pared on these films. The p-Si/n-Zn;_,Mg,O heterojunction
photodetectors work at forward bias as injection photodiodes.
The performed investigations demonstrate that post-deposition
annealing at 500 °C is needed for the production of wurtzite
single crystallographic phase Zn;_,Mg,O films in the composi-
tion range of x = 0.00-0.40. Annealing at higher temperature
leads to morphology degradation, while thermal treatment at
lower temperatures is not enough for producing single phase
films, ZnO nanoparticles being embedded into the ZnMgO
matrix, as deduced from photoluminescence spectra and XRD
analysis. Nevertheless, such films could also find specific appli-
cations, for instance in quantum dot light emitting diodes.

Experimental

ZnMgO thin films were prepared by spin coating from sol-gel
solutions containing Zn(CH3CO,); and Mg(C,H30,), acetates
in respective proportions dissolved in 20 mL of 2-methoxy-
ethanol + 0.5 mL of diethanolamine (DEA). 0.35 M solutions
with Mg/Zn from O to 2/3 were prepared in an ultrasonic bath
for 30 min at a temperature of 50-60 °C. Spin coating was per-
formed at room temperature on glass or (100) on p-Si sub-
strates in multiple coating cycles at a rotational speed of
2000 rpm with the rotation taking 20 s followed by drying the
coated layer at 150 °C for 10 min. After the deposition of 10
layers, the sample was treated at a temperature in the range of
400-650 °C in air for one hour. For the purpose of comparison,
thin films were also prepared by the aerosol spray pyrolysis
method. A solution of zinc acetate dihydrate with 99.999%
purity and magnesium acetate tetrahydrate with purity = 99%,
both purchased from Sigma-Aldrich, dissolved in ethanol
(C,H50H), was sprayed onto the substrate using a homemade
sprayer with an O, gas flow. The substrate was heated in the
temperature range of 400 °C to 650 °C during the deposition.
0.35 M zinc acetate and magnesium acetate solutions were
mixed in an ultrasonic bath in various proportions to produce
ZnMgO films with Mg content from 5% to 40%. A distance of
18 cm was experimentally chosen between the sprayer and the
heated substrate in view of producing a uniform coverage of the
film on the substrate. The solution was injected into the oxygen
gas flow by means of a syringe controlled by a stepper motor
(Jova Solutions TIMS-0201 ™), operated by a computer. The
produced film thickness is determined by the rate of precursor
solution injection and the duration of deposition process.
Usually, an injection rate of 0.33 mL/min was used, and the

deposition process lasted for 15 min.

The morphology and chemical composition microanalysis of
the produced films were studied using a Zeiss Sigma SEM,
Hitachi SU 8230, equipped with tools for energy dispersive
X-ray analysis (EDAX). Atomic force microscopy (AFM) mea-
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surements were performed in tapping mode with a SOLVER
Next (NT-MDT) instrument equipped with cone-shaped tips
from monocrystalline silicon (tip radius ~ 10 nm) on cantile-
vers with a stiffness of about 17 N/m. The root mean square
(RMS) roughness parameters were calculated from the acquired
topographic images using image processing software.

The continuous wave (cw) PL was excited by the 325 nm line
of a He—Cd Kimmon laser and analyzed with a double spec-
trometer, ensuring a spectral resolution better than 1 meV. The
samples were mounted on the cold station of a LTS-22-C-330
optical cryogenic system. The current—voltage characteristics
and the photocurrent of the photodetector structures were
measured with a Keithley 2400 Source Meter Unit (SMU).
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An aluminium Josephson junction (JJ), with a critical current suppressed by a factor of three compared with the maximal value

calculated from the gap, is experimentally investigated for application as a threshold detector for microwave photons. We present

the preliminary results of measurements of the lifetime of the superconducting state and the probability of switching by a 9 GHz

external signal. We found an anomalously large lifetime, not described by the Kramers’ theory for the escape time over a barrier

under the influence of fluctuations. We explain it by the phase diffusion regime, which is evident from the temperature dependence

of the switching current histograms. Therefore, phase diffusion allows for a significant improvement of the noise immunity of a

device, radically decreasing the dark count rate, but it will also decrease the single-photon sensitivity of the considered threshold

detector. Quantization of the switching probability tilt as a function of the signal attenuation for various bias currents through the JJ

is observed, which resembles the differentiation between N and N + 1 photon absorption.

Introduction

Currently, an important problem is the creation of single-photon
counters in the gigahertz frequency range. Such devices are in
demand in several areas, such as the search for axions, the
alleged particles of dark matter [1-4] and quantum computing
[5]. Commercially available single-photon detectors operate at
frequencies of hundreds of terahertz and higher [6,7]. For the
lower-frequency range, a new class of single-microwave-photon

detectors is needed. With regard to this, a current-biased

Josephson junction (JJ) is of particular interest for applications
as a threshold detector since its phase dynamics is altered even
by a weak probe field. Rich dynamics of the JJ constantly
inspires new applications, such as thermometry [8,9], noise
statistics [10-12] and single-photon detection [13].

There are, at least, two different approaches for the practical re-

alization of single-photon detectors based on Josephson junc-
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tions, both having their advantages and disadvantages. The first
approach relies on a continuous current sweep at a constant
repetition rate and the measurements of the switching current
distributions, from which the response and sensitivity can be de-
termined [14-16]. In particular, in [16] the tunneling properties
of a current-biased Josephson junction coupled with a resonator
directly depend on the number of microwave photons in the
resonator. The main disadvantages of this approach are the long
initialization and freezing times of the detector. The detector
works by slowly increasing the bias current from zero. This
ramp takes seconds to avoid non-adiabatic excitation in a JJ. As
soon as the detector switches, it must be reset by setting the cur-
rent back to zero and waiting when a Josephson phase relaxes in

a potential well. This implies a low repetition rate.

The second approach for experimental microwave detection
[17,18] uses the switching events of a biased Josephson junc-
tion resulting from a single absorption. In contrast to the
previous approach, this one requires less downtime of the
detector, determined by the biasing time to the desired current
only. However, the operation in this mode does not provide
information on the number of absorbed photons and only
above-threshold signals can be detected. Also, special care must
be taken to minimize the false switching events of the detector
due to thermal fluctuations and macroscopic quantum tunneling.

In this article the second approach is applied to a prototype of a
single-photon counter described in [4]. We study the possibility
of detecting photons in the gigahertz frequency range using an
aluminium Josephson junction with a suppressed critical cur-
rent. The main requirement to this counter is an extremely large
lifetime (thousands of seconds), orders of magnitude larger than
the switching time after the photon absorption (typically less
than nanoseconds). In [4] it was shown theoretically that both
the required sensitivity and the noise immunity can be reached
at the same time in JJ with a suppressed critical current. Besides
that, the mesoscopic junctions with low critical currents have
received a great deal of interest themselves, since they exhibit

Josephson phase diffusion [19-23].

The Josephson phase diffusion in small junctions has been
studied both experimentally [24,25] and theoretically [26].
Recently, this regime has been observed also in layered high-
temperature superconductors [27]. The significance of this
effect depends on the ratio of thermal fluctuations kg7, the
damping parameter a and the Josephson energy Ej. Here we
will consider a small tunnel junction with the thermal noise in-
tensity of y = kgT/Ey = 2 x 1072 and a > 0.1, and show experi-
mentally an unusually large lifetime of the superconducting
state, which we attribute to phase diffusion according to [20].

The increase of the lifetime of the superconducting state due to

Beilstein J. Nanotechnol. 2020, 11, 960-965.

phase diffusion was also observed in [28] under similar condi-
tions. However, phase diffusion is expected to decrease the
sensitivity to single photons for the same reason that it im-
proves the noise immunity. To our knowledge, to date there are
no works dedicated to the role of phase diffusion in the
response to single photons. In the last section of the article, we
show the experimental results of the switching probability in-
duced by a weak microwave signal and discuss some features of
the measured response, which may indicate the sensitivity to

several photon bunches.

The analysis of the phase-diffusion phenomena is a special case
of a general problem of the motion of a Brownian particle in a
washboard potential in the framework of the resistively and
capacitively shunted junction (RCSJ) model for the dynamics of
the Josephson phase [29,30]. The tilt of the washboard poten-
tial is controlled by the bias current / and is defined as Ej(I/I¢),
where I is the critical current and Ey = hilc/2e. The particle
moves along the potential in the presence of friction, the
strength of which is characterized by a = wp/w., where
0, = \J2elc / hC is the plasma frequency, w. = 2elcRN/7 is the
characteristic frequency, Ry is the normal state resistance and C
is the capacitance.

The superconducting state of the JJ corresponds to the particle
at rest in one well of the potential. The exit from this meta-
stable state corresponds to the appearance of a finite voltage at
the junction. In the case of low damping (but depending also on
the barrier height and noise intensity), the particle, jumping
over the barrier, gains enough energy to move along the poten-
tial in the running state. When the damping « is sufficiently
large, the escape due to the thermal or quantum fluctuations
does not necessarily lead to the appearance of the running state.
After an escape event, the particle can move down the potential
for several wells and then relax into one of the potential minima
[24]. When barrier and noise are large, the exit from the well
and the subsequent retrapping processes may occur many times

at a given bias current.

The most evident signature of the phase diffusion phenomenon
is the temperature dependence of the switching current distribu-
tion [21,31]. For underdamped junctions (a <« 1), the width of
the switching current distributions monotonically decreases
with decreasing temperature. In the case of moderately damped
junctions (a > 0.2), the switching dynamics changes due to
phase diffusion, i.e., the width of the distribution decreases with
increasing temperature. A change in the sign of the derivative of
the second moment of the distribution is a reliable indicator of
retrapping processes. Another sign of phase diffusion is an
increase in the lifetime of the superconducting state in compari-

son with the classical Kramers’ theory [32,33]. The exit of the
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particle from the well due to fluctuations does not lead to the in-
stantaneous appearance of a final voltage at the Josephson junc-
tion, which can be seen in experiment as an increase of the

noise immunity of the system.

The principle of operation of a single-photon counter based on a
Josephson junction is the following: At an initial moment of
time, the junction is in a superconducting state with bias cur-
rent [ close to the critical current. In standby mode, there is no
voltage at the junction. An incoming external signal from a
photon (current oscillations) can change the state of the system
by switching it to a resistive state with a finite resistance value.
At the same time the detector may be triggered spontaneously
due to thermal fluctuations in the classical region of tempera-
tures and tunneling through the barrier in the quantum case
[15,34].

Experimental

Following the line proposed in [4], an aluminium Al/AlO,/Al
tunnel junction 0.4 x 2 pm? was fabricated using a self-aligned
shadow evaporation technique. Its current—voltage character-
istic shown in the inset of Figure 1 (see below) has a well-
defined hysteresis. The double voltage gap of the junction is
0.38 mV, corresponding to the critical temperature of Al,
Tc(Al) = 1.2 K, the capacitance is C ~ 0.036 pF, the critical cur-
rent density is 3.8 x 1073 kA/cm? and the normal resistance is
RN = 2300 Q, which gives the maximal possible value of the
critical current /0™ = 1.764 kTc/eRy ~ 80 nA. The measured
critical current is Ic = 28 nA at a temperature of 20 mK. The
damping of the Josephson junction calculated for the measured
Icis a=0.24.

The sample was mounted in an rf-proof box with a supercon-
ducting shielding on the coldest plate of a Triton 200 dry dilu-
tion refrigerator. The dc-bias wires were filtered with feed-
through capacitors at the room temperature and RC filters at the
10 mK cryostat plate, minimizing the effect of unwanted low-
frequency noise. In order to avoid ground loops, the measure-

ment scheme was designed with a single ground.

For the switching current measurements, the bias current of the
junction was ramped up at a constant rate of I=5x10"As.
The voltage was measured using a low-noise room-temperature
differential amplifier AD745 and was fed to a high-speed NI
ADC-card. This signal was used to trigger a fast record of the
switching current value. This procedure was repeated at least
5 x 103 times at each temperature, and as a result the switching
current histograms were compiled in the temperature range be-
tween 1 K and 20 mK. For the lifetime measurements, the ex-
perimental setup was the same, except that the bias current was

set to a predetermined value for 20 ms to prevent particle exci-
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tation caused by a rapid decrease in the barrier, and remained
constant until the appearance of a gap voltage due to thermal
noise or quantum tunneling. The lifetime measurements were

repeated at least 200 times for each value of the bias current.

For a high-frequency experiment, a microwave signal was fed
into the cryostat via a 2 m long phosphor bronze twisted-pair
wiring with an attenuation of —15 dB/m at 9 GHz, and with a
loop antenna near the JJ. The rf-signal from the external micro-
wave synthesizer was attenuated using the voltage-controlled
room-temperature attenuator, preliminarily calibrated with a
commercial spectrum analyzer. The high-frequency signal was
varied from a high power, at which the Shapiro steps and
photon-assisted tunneling steps are well pronounced at the I-V-
curve, to a low power, the presence of which can be observed
only in the switching histograms and in the decrease of the
superconducting state lifetime. While it is difficult to calibrate
the whole rf path due to uncertainties in the twisted-pair wiring
and the loop antenna, one can make estimates, based on the
comparison of the potential barrier height of the JJ at 23 nA bias
current and I = 28 nA (see the fit of the lifetime below). In this
case, the potential barrier height is 1.3 x 10724 J, while the
photon energy at 9 GHz is 6 x 10724 J. Thus, we are in the
range where few-photon detection is possible.

Results and Discussion

In this section, we present preliminary results of the first mea-
surements. First, we assemble the switching current distribu-
tions (Figure 1) and extract values for the mean switching cur-
rent {Igw) and standard deviation o, which are plotted in
Figure 2 for different temperatures of the chip. The decrease of
<ISW> with temperature increase indicates that here the thermal

activation of the phase is the main switching mechanism. At

3_ 1 I 1 l I I |

I CET T AL
— [ | T [mK] <:1oof— —f:
ol & 80 £ E s
= . 600 i T
=0 o B0 20 yhy ™
S P it .
S EFR ]
O;L&_LA lk _-__I._—
24

!
N
-
»

20
Iy [nA]

Figure 1: Experimentally measured histogram P(/sw) of switching the
Josephson junction to the resistive state for the current /gy at the indi-
cated temperatures. The inset shows the /-V curve of the junction at
20 mK.
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temperatures below 7 =~ 300 mK there is a saturation both in
(IsW) and o. The behavior of o(7) in the entire temperature
range of the experiment shows the well-known signature of

phase diffusion, observed for example in [21,25,31].
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Figure 2: Temperature dependence of the mean switching current (left
axis, red dots) and its standard deviation (right axis, blue squares).

The presence of phase diffusion can also explain the results of
the lifetime (the inverse of the escape rate) measurements,
shown in Figure 3. The lifetime of the superconducting state
corresponds to the mean time of dark counts of a single-photon
detector. We have measured the dependences of the lifetime for
different bias currents and temperatures and without high-fre-
quency signal. One can see the linear slope of the lifetime as a
function of the bias current for 2-3 orders of magnitude on a
logarithmic scale, which means the exponential dependence of
the lifetime on the potential barrier height. The gentle slope of
the experimental points, actually forming a plateau below 0.03 s
in Figure 3, is due to time constants of the measurement setup.

To find out more about the switching conditions the experimen-
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Figure 3: Experimental lifetime as function of the bias current for differ-
ent sample temperatures (symbols) and fit with Equation 1 (solid
curves).
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tal curves have been fitted by the Kramers’ formula for the life-
time in the following form [30,32,33] (for the overdamped case,
see [35]):

S (o) exp(Au/
st
—i

where i = I/Ic is the dimensionless bias current,
Au=21-7* + i[2arcsin(i) — m] is the potential barrier height
and y = I/l is the noise intensity and /7 = 2ekgT/# is the fluc-
tuational current, which can be calculated for a given tempera-
ture T as I7 [uA] = 0.042T [K] [29]. If the well and the barrier
of a potential profile can be approximated by parabolas, then
f(a) does not depend on the working temperature [36]. Howev-
er, for a ~ 1, the exact prefactor f{ar) is unknown [33], therefore

we use f(a) as a fit parameter.

Inserting a temperature of 300 mK into y for our experimental
parameters, one obtains y = 0.48. For such large fluctuations the
barrier height even with zero bias current is comparable to the
noise intensity and the corresponding lifetime must be much
smaller than measured in the experiment. If we use y as a fit pa-
rameter together with f(a), we get the best fit for the following
parameters: fla) = 0.00035 s for all curves, Ic = 26.5, 27 and
28 nA, and noise intensity y = 0.0137, 0.0112 and 0.011 for
temperatures of 300, 200 and 50 mK, respectively. One can see
that /¢ in this case corresponds to the measured values.

Thus, the comparison of measurements and fit shows that the
average time between dark counts significantly exceeds the time
predicted by Kramers’ theory, with mean values reaching
hundreds of seconds or even thousands of seconds in single
measurements. Qualitatively similar discrepancies between ex-
perimental results and Kramers’ theory have been reported
before [21,28] and require further studies. However, if it is the
phase diffusion regime that significantly suppresses the dark
count rate, the next important question will be to figure out how
it influences the sensitivity to photons. In order to do so we
perform measurements of the detection probability as a func-
tion of the attenuator voltage of 9 GHz photons in a 50 ms
pulse, incident on the sample area, for three values of bias cur-
rent /, shown in Figure 4.

The left vertical axis shows the experimental data, i.e., the num-
ber of detector counts divided by the total number of pulses
(200 pulses). The horizontal axis corresponds to the attenuation
(output power) of the external high-frequency signal. For high
incident photon fluxes, the detector switches for all 200 pulses,
i.e., it counts all pulses. For smaller fluxes our experimental

data show that for 2.5 orders of magnitude, the detection proba-
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Figure 4: Detection probability of 9 GHz 50 ms pulses of different
power (signal attenuation) for different values of the bias current.
Dashed lines indicate slopes with exponential factors 1, 2 and 3.

bility decreases linearly (on a logarithmic scale) with the de-
crease of the incident power (average number of incident
photons), and the probability slopes for various bias currents are
well fitted by a function A-exp(-nbV), and are quantized. Here
A and b are fit parameters and b is the same for all three curves.
This resembles the multi-photon detection [6], where for a
smaller bias current (/ = 23 nA), the slope is larger, ca.
A-exp(=3bV), than for larger bias current, ca. A-exp(—2bV) for
I =25 nA and ca. A-exp(-bV) for I = 26 nA.

Although we see a consistent switching due to 9 GHz signal
even at 23 nA, at the moment we cannot estimate the absorp-
tion efficiency, because of the uncertainty in the determination
of losses in the twisted-pair wiring at the frequency of 9 GHz
and of the absorption efficiency in the junction. Therefore, we
do not convert the attenuation to the power to avoid the intro-
duction of an additional insecure parameter. The experiments
will be continued with better statistics and signal calibration to
extract the number of detected photons. We expect that the
sensitivity of the considered threshold detector will be de-
creased in comparison with the situation without phase diffu-
sion. However, further studies are required to answer this ques-

tion.

Conclusion

Temporal and detecting characteristics of a low-critical-current
Al Josephson junction have been studied experimentally. From
measurements of switching current distributions and the dark
count time intervals, the operation in a phase diffusion regime
is evident. It is shown by comparison with theory that the phase
diffusion regime allows to significantly improve noise
immunity of a device, radically increasing the mean time be-

tween dark counts. However, in the same way, the phase diffu-
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sion should decrease the single-photon sensitivity of the consid-
ered threshold detector, which will be studied in future experi-

ments.

The plot of the detection probability as a function of the attenu-
ation voltage shows quantization of the tail slopes, which
resembles few-photon detection. The use of such a device for
supersensitive detection has essential applications. In particular,
such a detector can be used in the search for axions and to
measure signals generated by quantum circuits at a frequency of
6-9 GHz. In the future, it is planned to improve the measure-
ment setup and conduct research on the detection of test signals
in the range of 8—-14 GHz.
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A comparative study of the anodization processes occurring at the GaAs(111)A and GaAs(111)B surfaces exposed to electrochemi-

cal etching in neutral NaCl and acidic HNO3 aqueous electrolytes is performed in galvanostatic and potentiostatic anodization

modes. Anodization in NaCl electrolytes was found to result in the formation of porous structures with porosity controlled either by

current under the galvanostatic anodization, or by the potential under the potentiostatic anodization. Possibilities to produce multi-

layer porous structures are demonstrated. At the same time, one-step anodization in a HNOj electrolyte is shown to lead to the for-

mation of GaAs triangular shape nanowires with high aspect ratio (400 nm in diameter and 100 pm in length). The new data are

compared to those previously obtained through anodizing GaAs(100) wafers in alkaline KOH electrolyte. An IR photodetector

based on the GaAs nanowires is demonstrated.

Introduction

Electrochemical technology became an established and cost-
effective approach for the preparation of porous semiconductor
matrices and arrays of nanowires with tailored architecture at
the submicrometer scale [1-3]. Semiconductor nanotemplates
provide many possibilities for nanofabrication through electro-
chemically filling the pores with metallic nanostructures such as

nanowires or nanotubes, resulting in the production of 2D

metallo-semiconductor interpenetrating networks, which are
promising for various nanoelectronic, optoelectronic, plas-
monic, and nanophotonic applications [4-6]. While the growth
of crystallographically oriented and current line oriented pores
has been demonstrated in a variety of semiconductors [1-3], to
date, only crystallographically oriented pores were observed in

GaAs crystalline wafers. This observation is a factor limiting
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the possibilities for the preparation of various GaAs nanostruc-

tures, including nanowires.

Semiconductor nanowires, particularly III-V compound nano-
wires, show potential for their use as active components in solar
cells [7-10], photodetectors [11], light-emitting diodes [12],
transistors [13], and other applications. A uniform array of
parallel nanowires with diameters of about 50 nm and oriented
normally to a InP wafer, i.e., along the crystallographic [100]
orientation, was obtained after anodic etching at elevated
applied voltages [14]. High-aspect-ratio GaAs pillar arrays with
triangular cross section were prepared by combining colloidal
crystal templating, anisotropic chemical etching, localized
anodic etching, and isotropic anodic oxidation [15,16]. Howev-
er, this is a complex multistep technology. A more simple and
cost-effective technology was applied for obtaining triangular
GaAs nanowires through electrochemical etching of GaAs(100)
surfaces in aqueous KOH solution [17]. However, this process
was difficult to control. The bundles of GaAs nanowires were
formed only in some regions of the surface and the orientation

of the arrays was basically random.

Usually, acidic or alcaline electrolytes are used for the electro-
chemical preparation of porous semiconductors although the
anodization in environmentally friendly electrolytes, including
aqueous solutions of NaCl, has attracted increasing attention
during the last decade [5,18-21].

In this paper, we report on the electrochemical porosification of
GaAs(111) wafers in neutral NaCl and acidic HNOj elec-
trolytes, and on optimized technological conditions for the

Current (mA)

Current (mA)

2.04

0.0
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one-step formation of GaAs nanowires with triangular shape

and well oriented perpendicularly to the substrate.

Results and Discussion

In order to study the influence of the applied anodization condi-
tions on the porosification process of (111) oriented GaAs crys-
tals, three different current densities and three different voltages
were used for galvanostatic and potentiostatic modes, respec-
tively. SEM images of a GaAs crystal anodized on both sur-
faces in 1.75 M NaCl electrolyte are given in Figure 1. The
porous features produced by GaAs anodization in NaCl elec-
trolyte are similar to those previously observed in GaAs sam-
ples with the same carrier concentration anodized in HCI elec-
trolyte [1]. This observation corroborates the results obtained
from other III-V semiconductors, which state that the etching
behavior depends mainly on the anions rather than the cations
[22], because the anions of NaCl and HCI electrolytes are the
same. The morphology of the porous structure produced by
galvanostatic anodization of GaAs(111)A surface (Figure 1A)
consists of two sets of (111) crystallographically oriented pores
intersecting each other [2]. According to previous studies, the
main property of crystallographically oriented pores is their
growth along definite crystallographic directions. On substrates
with sphalerite crystal structures, the pores grow along the
(111)B crystallographic directions, regardless of the initial sur-
face orientation, with an angle of approximately 109° between
the pores. The pores tend to have a triangular cross section
while the pore walls and tips exhibit a pronounced crystallo-
graphic anisotropy. A specific characteristic feature of crystallo-
graphically oriented pores is their ability to intersect each other
without changing their direction of propagation during growth.

Voltage (V)

0.0

—T—T— T T
0 100 200 300 400 500 600 700 800 900
Time (s)

T T T T
0 100 200 300 400 500 600 700 800 900
Time (s)

0 T T T T T T
0 100 200 300 400 500 600 700 800 900
Time (s)

Figure 1: SEM images in cross section of porous GaAs layers for three different conditions of anodization in 1.75 M NaCl: (A) galvanostatic regime on
the GaAs(111)A surface; (B) galvanostatic regime on the GaAs(111)B surface; (C) potentiostatic regime on the GaAs(111)B surface. The substrate is
on the right side of the images. The inserted plots represent the applied currents (A, B) and the applied potential (C) during anodization.
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As one can see from Figure 1A, the degree of porosity
decreases with decreasing the anodization current density.

The situation is different when the GaAs crystals are anodized
on the (111)B surface. During anodization in the galvanostatic
mode at current densities similar to those applied during
anodizing the (111)A surface (15, 10, and 5 mA), three porous
layers are formed with different degrees of porosity, but the
pores are parallel to each other and they grow perpendicularly
to the crystal surface (Figure 1B). The same propagation of
pores was observed for the potentiostatic mode of anodization
(Figure 1C). Switching the anodization voltage to 1 V stops the

Beilstein J. Nanotechnol. 2020, 11, 966—975.

formation of the porous layer, since this value is below the pore
nucleation potential (1.8 V) established from the -V
characteristic, which is in agreement with the doping level of
the used crystal. We will focus further on the results obtained
by anodization of the (111)B surface because the resulting mor-
phology is of great interest for the development of porous
nanotemplates and elaboration of free-standing nanomem-
branes based on GaAs.

The results of a comparative anodization study of the
GaAs(111)B surface in galvanostatic and potentiostatic regimes
are illustrated in the SEM images of Figure 2. Along with pores

T T T T T T T T T
0 100 200 300 400 500 600 700 800 900
Voltage (V)

Figure 2: (A—C) SEM images in cross section at higher magnification of the porous layers obtained by anodization of the GaAs(111)B surface in
galvanostatic regime, corresponding to the images illustrated in Figure 1B. (D, E) SEM images of samples anodized in potentiostatic regime, corre-
sponding to images illustrated in Figure 1C. (F) Evolution of the current during anodization in potentiostatic regime of the GaAs(111)B surface at

applied voltages of 3,2 and 1 V.
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propagating perpendicularly to the substrate surface, pores
growing in other directions are observed in the cross-sectional
view (Figure 2A), hinting at the formation of pores that are
tilted and intersect each other. However, with the decrease of
the current density (Figure 2B,C), the number of tilted pores is
drastically reduced, and pores oriented perpendicularly to the
surface predominate in the produced porous layer (Figure 2C).
The morphology of the layer produced by anodization in the
potentiostatic regime presented in Figure 2D,E looks more
uniform (note that the pores grow perpendicularly to the sur-
face). It should be mentioned, however, that the pore walls are
not smooth, which is observed for both potentiostatic and
galvanostatic anodization regimes. This can be explained by
analyzing the current as a function of the time at constant
voltage (Figure 2F). At the applied potential of 3 V, the regis-
tered current is practically stable at a value of 13 mA, but some
fluctuations in the current can be easily observed. Reducing the
anodization voltage to 2 V leads to a decrease of the current
down to 5 mA. This value remains quite stable. So, by
anodizing the sample in the potentiostatic mode at relatively
low voltage, which does not introduce self-oscillations in the
registered current, it is possible to obtain pores with smooth
walls (Figure 2E).

According to Li and co-workers [17], the anodization of GaAs
with a carrier concentration of about 10'8 cm™ in a KOH elec-
trolyte can be categorized into three etching modes, deduced
from the analysis of the current—voltage plot at a scan rate of
5 mV-s~!. Practically no etching occurs when the applied
voltage is below 3 V, which is the pore formation potential. The
first etching mode is characterized by the formation of trian-
gular nanowires, which occurs at an applied potential in the
range of 3.0-4.5 V. The second mode corresponds to surface
texturing occurring at an applied potential in the range of
4.5-6.5 V. At an applied potential higher than 6.5 V the sample
is electropolished. Taking these observations into account, we
increased the applied potential in our experiments to 4 V, with
the purpose of producing GaAs nanowires. However, the analy-
sis of SEM images after anodization in NaCl electrolyte with an
applied potential of 4 V revealed that no nanowires are formed.
Instead a higher number of tilted pores was formed, similar to
the morphology produced under anodization in the galvanostat-
ic regime with a current of 14 mA (Figure 2A). Moreover, an
increase of the applied potential to 6 V leads to the formation of
GaAs nanowires, but the number of tilted pores that intersect
the vertical nanowires increases, resulting in the formation of
interrupted nanowires (Figure 3A). A further increase of the
applied voltage is not recommended, because the formed nano-
wires are destroyed. We are interested in the fabrication of
pores strictly perpendicular to the crystal surface, which would

enable us to fabricate stable nanowires.
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Figure 3: (A) SEM images of the formation of interrupted GaAs nano-
wires on the (111)B surface anodized in NaCl electrolyte at 6 V.

(B) The polarization curves measured at a scan rate of 50 mV-s~" at
the beginning of the anodization process of a GaAs(111)B crystal in

1 M HNOg3 (curve 1) and 1.75 M NaCl (curve 2).

One can conclude that anodizations in NaCl electrolyte and in
aqueous HCI solution are suitable for the production of porous
layers with various morphologies, rather than for the fabrica-
tion of GaAs nanowires. Since, on one hand, nanowires were
produced through anodization in alkaline KOH electrolyte [17]
and, on the other hand, the etching behavior in acidic elec-
trolytes is mainly determined by the anions [22], we tried to
obtain GaAs nanowires through anodization in acidic elec-
trolyte with another type of anion. A comparison of the polari-
zation curves measured at the beginning of the anodization
process of a GaAs(111)B crystal in 1 M HNOj3 or 1.75 M NaCl
electrolyte is presented in Figure 3B. It can be observed that
current oscillations occur at applied potentials higher than 4 V
for both electrolytes. We suppose that these self-induced oscil-
lations are related to the simultaneous formation of pores along
the (111)B directions and an increasing contribution of tilted
pores. At high anodizing voltages electropolishing occurs in
both electrolytes. The potential for initiating electropolishing is
4.5V and 6 V for anodization in HNO3 and NaCl electrolyte,
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respectively. Note that the value for anodizing in NaCl elec-
trolyte agrees with previously reported data [17].

Arrays of GaAs nanowires with a very high aspect ratio and
well oriented perpendicularly to the (111)B crystal surface were
produced under anodization at an applied potential of 3 V for
20 min in 1 M HNOj electrolyte (Figure 4A). The obtained
triangular nanowires with a diameter of 400 nm are 100 pm in
length, i.e., the aspect ratio is around 250. The uniform distribu-
tion of the nanowires across the sample surface is illustrated in
Figure 4C. Interestingly, the anodization potential for produc-
ing nanowires in the acidic 1 M HNOj electrolyte is similar to
that required for producing GaAs nanowires in alkaline 5%
KOH electrolyte [17].

Thus, triangular-shape GaAs nanowires with a diameter ranging
from 200 to 400 nm can be produced by electrochemical
etching of GaAs(100) wafers with a carrier concentration of the
order of 10'® cm™3 in KOH electrolyte, or by etching of
GaAs(111)B substrates in HNOj electrolyte. However, the
bundles of GaAs nanowires are formed only in some regions of
the surface anodized in KOH electrolyte, and the orientation of
the arrays is basically random, while the nanowires produced in
HNOj electrolyte are highly oriented perpendicularly to the
wafer surface. No nanowires were reported after GaAs
anodization in H,SOy electrolyte, which was used for uniform
pore nucleation in a two-step anodization process and the prepa-
ration of porous structures consisting of crossing pores [1,23].
GaAs nanocolumns with a diameter of about 200 nm were ob-
tained previously through anodization of GaAs(100) substrates
in aqueous HCI solution [24], but the nanocolumns were pene-
trated by a large number of tilted pores. One can conclude that
etching in HNOj electrolyte suppresses the nucleation of tilted
pores as compared to anodization in HCI or H,SOy4 electrolyte,
resulting in the fabrication of non-porous GaAs nanowires,
which are better suitable for photodetector applications. High-
aspect-ratio arrays of spatially ordered triangular GaAs nanopil-
lars with diameters of about 1.5 pum were previously fabricated
by a combination of electrochemical etching in HCI electrolyte
of a pre-etched GaAs(111) substrate and anisotropic chemical
etching [15,16]. However, this is a multistep process requiring
the use of photolithography with colloidal crystal templating in
the first pre-etching step. Fabrication of GaAs nanopillars by
metal-assisted chemical etching (MacEtch) also requires litho-
graphic methods for catalytic metal patterning [25,26]. Among
non-lithographic methods based on electrochemical etching, to
the best of our knowledge, there is only one report on the prepa-
ration of high-aspect-ratio vertically aligned GaAs nanowires
with a diameter of about 200 nm and a length of 100 um on
GaAs(111)B wafers with a carrier concentration in the range of

(1-2) x 10'® cm™3 [27]. Bundles of these nanowires were tested
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Figure 4: (A) SEM image in cross section of a GaAs(111)B sample
anodized at 3 V for 20 min in 1 M HNO3. (B, C) Top-view SEM images.

for field emission, but not for photodetector applications. The
nanowires were produced using electrochemical etching under
optimized conditions in a mixed H3PO4/HCI electrolyte fol-
lowed by chemical etching for reducing the diameter down to
150 nm. The authors of the work did not discuss the diameter
distribution of nanowires produced by the process, effectively

utilizing a structural feature of spontaneously generated
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patterns. According to the presented scanning electron micro-

scope images, however, there is a relatively broad distribution.

The nanowires produced in the present work also exhibit a di-
ameter distribution with a certain width. However, we believe
that the distribution could be narrowed by further optimization
of the technological processes. Note that the diameter of a par-
ticular nanowire is determined by the width of the space charge
region (SCR) set up within the nanopore wall at the interface
with the electrolyte during anodization [23], and it equals
ca. 2 X SCR [17]. As a result, for higher carrier concentrations
in the GaAs wafer thinner nanowires are obtained. The density
of the nanowires is quite homogeneous on a large scale
(Figure 4C), while the nanowires tend to form bundles at the

micrometer scale, similar to the results presented in [27].

Figure 5 compares the photoluminescence (PL) spectra of the
as-grown and anodized GaAs samples measured at low temper-
ature. One can see that the shapes of the spectra are similar. The
only difference is the emission intensity, which is higher by a
factor of about two in the anodized GaAs sample. This means
that the PL spectra can be attributed to identical recombination
channels. In both samples the PL is dominated by an emission
band around 1.32 eV with a weaker PL band at 1.485 eV. The
PL band at 1.32 eV is usually attributed to Si impurities at the
Ga sites forming different complexes, such as (SigaVga)
[28,29] or (SigaGaas) [30]. Since Si impurities exhibit an
amphoteric behavior in GaAs, they give rise to an acceptor Sipg
state in addition to the Sig, shallow donor state. The second PL
band at 1.485 eV is related to the recombination of electrons
from the conduction band with holes trapped by the Siag state
the energy level of which is situated 35 meV above the valence

band [31]. The higher intensity of the emission from the
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Figure 5: PL spectra of bulk (curve 1) and anodized (curve 2) GaAs
samples measured at a temperature of 10 K.
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anodized GaAs sample is indicative of an effective passivation
during anodization of the huge internal surface of the porous

sample [18].

The preservation of the quality of the GaAs compound after
anodization is also confirmed by the results of XRD analysis
(Figure 6). The high quality of the material produced by
anodization is indicated by narrow reflexes with a full width at
half maximum (FWHM) of about 0.08°. The predominance of
(111) and (333) reflexes in the XRD pattern indicates also to the
preservation of the initial (111)B crystallographic orientation of
the sample.
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Figure 6: XRD pattern of the anodized GaAs(111)B sample.

To demonstrate the applicability of the nanowires for device
fabrication, a photodetector for the IR region of the spectrum
was tested, as described in the Experimental section. A special
design of contacts was applied via laser beam lithography on
selected nanowires. As illustrated in Figure 7A, defined regions
(bright regions) were opened in the photoresist (dark regions)
for further metal deposition. Note that the nanowire was visible
in the optical microscope due to its length of 70 um, despite the
small diameter. The distance between the contacts is 20 pm. A
photograph of five contacted nanowires on a glass substrate
after Cr/Au deposition and lift-off is presented in the inset of
the Figure 7A. The photocurrent build-up and relaxation for a
photodetector produced on a nanowire with a diameter of
400 nm is presented in Figure 7B for an IR illumination density
of 800 mW-cm™2. One can see that the current increases by a

factor of four in magnitude under illumination with IR light.

The current—voltage characteristics measured with and without
illumination reveal a good ohmic quality of the prepared Cr/Au
contacts (Figure 8). Therefore, one can conclude that the

detector works in the photoconductor mode.
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Figure 7: (A) Optical microscopy image of the opened regions in the
photoresist on the glass substrate for deposition of the metal contacts
on the selected GaAs nanowire. The inset in (A) shows a photo of five
contacted GaAs nanowires on the same glass substrate. (B) Photocur-
rent build-up and relaxation of the photodetector measured for an IR
illumination density of 800 mW-cm=2.

20

Current (nA)
o

10k
_20 1 1
-10 -5 0 5 10

Voltage (V)

Figure 8: Current-voltage characteristics measured in dark (curve 1)
and under IR illumination with power density of 800 mW-cm=2 (curve 2)
for the GaAs nanowire photodetector with the design shown in

Figure 7.
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The responsivity of the detector is defined as

I photo — I dark

R=—tm M
By

1

where Iphoto is the photocurrent of the photodetector, /gy is the
dark current, and Pjj; is the illumination power on the photode-
tector. The calculated responsivity of the GaAs nanowire
photodetector equals 100 mA-W~!, according to the data
presented in Figure 7B for a nanowire with a diameter of
400 nm and a length of 20 um biased at 5 V.

The estimation of the detectivity D*, which is defined as

R4

D' =—— @)

v 2e[dark ’

where A is the active area of the photodetector, and e is the
elementary charge, gives a value of ca. 1.2 x 10° cm-Hz!/2.W~1,
under the assumption that shot noise is the primary source of
noise in the detector [32].

Taking into account that the photodetector works in the photo-
conductor mode, the photocurrent increases linearly with in-
creasing bias. This results in increasing responsivity and detec-
tivity with increasing bias. For instance, the responsivity in-
creases by a factor of three after increasing the bias from 5 to
20 V. The measured parameters vary among the five investigat-
ed devices basically due to the different diameters of the nano-
wires. The responsivity measured at the same excitation power
density of 800 mW-cm™2 at a bias of 5 V decreases with de-
creasing nanowire diameter. The detectivity also decreases with
decreasing diameter, but to a lesser extent.

The obtained values of responsivity and detectivity are compa-
rable with those previously reported for a graphene/GaAs NW
photodetector with a Schottky junction working at 532 nm radi-
ation [33]. The detectivity of our photodetector is better than
that reported for a GaAsSb NW IR detector (1300 nm), al-
though the responsivity of the GaAsSb NW detector is better
[34]. A photodetector based on a single GaAs nanowire with a
responsivity of 1.2 mA-W~! has been recently reported on a
nanowire prepared by chemical beam epitaxy (CBE) with a
vapor-liquid—solid (VLS) growth procedure [35]. This value is
by two orders of magnitude lower than the responsivity of our
photodetector. However, one should take into account that it
was fabricated with a nanowire that is one order of magnitude
thinner than our nanowire prepared by electrochemical etching.

The detectivity of our GaAs nanowire detector working in the
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photoconductor mode is by a factor of 1.5 better than the value
obtained recently on molecular beam epitaxy (MBE)-grown
Si-doped GaAs nanowires with a carrier concentration of
1.47 x 1017 ¢cm™3, working in the field-effect transistor (FET)
mode at similar excitation power densities (around
800 mW-cm_z) but with radiation of 532 nm wavelength [36].
At the same time, the authors of [36] succeeded to improve the
detectivity of the NW FET detector by one order of magnitude
and also to attain record responsivities of the order of 1 kA-W™1
after optimization of the carrier concentration in the GaAs NWs
and of the photodetector design. We suppose that the parame-
ters of IR photodetectors based on nanowires prepared by
anodization can also be significantly improved after corre-

sponding optimization.

A drawback of photoconductive detectors based on semicon-
ductor nanowires is related to their long-relaxation phenomena
caused by the strong surface band bending effects [37]. In
contrast, much shorter relaxation times are inherent to photode-
tectors based on interdigitated metal-semiconductor—-metal
structures with Schottky diodes. However, a very low feature
size is needed for such structures, which makes photolithog-
raphy challenging [38].

Conclusion

This study demonstrates possibilities to produce porous GaAs
structures with a controlled degree of porosity through the
anodization of GaAs(111) wafers in a neutral, environmentally
friendly NaCl electrolyte. Porous morphologies with pores
oriented perpendicularly to the wafer surface are obtained
through potentiostatic anodization of GaAs(111)B surfaces at
low applied potentials. With increasing the applied potential in
the potentiostatic anodization mode, or the current in the
galvanostatic anodizing mode, a higher number of tilted pores
are produced in addition to those oriented perpendicularly to the
wafer surface. When the anodization is performed on the
GaAs(111)A surface, a porous morphology with crossing pores
is obtained, and the degree of porosity increases with increas-
ing the anodizing current. Since these results are similar to
those previously observed after anodization of GaAs wafers in
HCI electrolytes, one can conclude that the etching behavior is
mainly determined by the type of anions. No nanowires are pro-
duced under any anodizing conditions in NaCl electrolyte. On
the other hand, high-aspect-ratio triangular shape GaAs nano-
wires are obtained by anodizing in a HNOj electrolyte at an
applied potential of 3 V, and the uniformity and orientation of
these nanowire arrays are much better than those produced pre-
viously with anodizing in alkaline KOH electrolytes. The pro-
duced GaAs nanowires prove to be suitable for the develop-
ment of IR photodetectors with good sensitivity and dynamic

characteristics.
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Experimental
Electrochemical anodization. Crystalline 500 pm thick (111)-
oriented substrates of Si-doped n-GaAs with a free electron

concentration of 2 x 10! cm™3

were used in this study. The
samples were sonicated in acetone for 15 min, cleaned in
distilled water and dried. In order to remove the native oxide
from the surface, the samples were dipped in a HCI/H,O (1:3)
solution for 2 min. The electrical contacts to the sample were
prepared with silver paste, then the samples were pressed
against an O-ring in a Teflon cell with the 0.2 cm? area exposed
to the electrolyte. The electrolytes used in this study were
1.75 M NaCl and 1 M HNOs3. The experiments were performed
in a three-electrode configuration, with a Pt mesh with a sur-
face area of 6 cm? acting as counter electrode, a saturated
Ag/AgCl reference electrode and the sample as working elec-
trode. The anodization was performed in galvanostatic as well
as potentiostatic regimes at room temperature (7 = 23 °C).
Analysis of morphology and chemical composition of the
anodized GaAs crystals was carried out using scanning electron
microscopy (Zeiss Sigma and TESCAN Vega TS 5130 MM
equipped with an Oxford Instruments INCA Energy EDX
system operated at 20 kV). The photoluminescence spectra
were measured with a double spectrometer with resolution
better than 1 meV under excitation by the 514 nm line of an Ar*
SpectraPhysics laser. The samples were mounted on the cold
station of a LTS-22-C-330 cryogenic system. X-ray diffraction
analysis of the samples was performed with a Philips X-Pert
MPD System with Cu Ka; radiation.

Electrical contacts to GaAs nanowires. The contacts were
realized using laser leam lithography (uPG 101, Heidelberg
Instruments). After the formation of nanowires via anodization,
the GaAs substrates were treated in an ultrasound bath for 15 s
in ethanol. Subsequently, a few drops of the ethanol suspension
containing nanowires were deposited on a glass substrate fol-
lowed by a gentle blow drying to remove the ethanol. A double-
layer resist (LOR 3B and ma-P 1205) was spin-coated on
the glass substrate with the GaAs nanowires and was exposed
with the pattern containing the contact pad structure of
1.5 mm X 1.5 mm using the laser writer. After the development
of the exposed contact pad structure, a thin layer of 50 nm Cr
followed by 250 nm Au layer was sputtered using a magnetron
from Torr International Inc model No: CRC622-2G2-RF-DC
and lift-off was performed with Microposit remover 1165 at
50 °C.

Photoelectrical characterization. To excite photoconductivity
in the GaAs nanowires, the radiation from a Xenon lamp
DKSS-150 was used. An optical filter was used to select radia-
tion from the near-IR spectral range (700-2500 nm, optical

power 130 mW). The current through the samples was

973



measured by means of a Keithley’s Series 2400 source measure
unit. Since the photoconductivity decay time is long enough, a
mechanical shutter was used in the relaxation experiments. The
signal from the source measure unit was fed to computer via
IEEE-488 interface for further data processing. The measure-
ments were performed at 300 K.
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Nanocrystalline and amorphous nanostructured tellurium (Te) thin films were grown and their gas-sensing properties were investi-
gated at different operating temperatures with respect to scanning electron microscopy and X-ray diffraction analyses. It was shown
that both types of films interacted with nitrogen dioxide, which resulted in a decrease of electrical conductivity. The gas sensitivity,
as well as the response and recovery times, differed between these two nanostructured films. It is worth mentioning that these prop-
erties also depend on the operating temperature and the applied gas concentration on the films. An increase in the operating temper-
ature decreased not only the response and recovery times but also the gas sensitivity of the nanocrystalline films. This shortcoming
could be solved by using the amorphous nanostructured Te films which, even at 22 °C, exhibited higher gas sensitivity and shorter
response and recovery times by more than one order of magnitude in comparison to the nanocrystalline Te films. These results were
interpreted in terms of an increase in disorder (amorphization), leading to an increase in the surface chemical activity of chalco-

genides, as well as an increase in the active surface area due to substrate porosity.

Introduction

Tellurium (Te) is a multifunctional chemical element used for
the development of many devices, such as diodes with high
(10°) rectification ratios, thin-film field-effect transistors,
optical recording media, infrared and UV detectors, strain-
sensitive devices and others (see [1,2] for extended reviews on
the topic). In the last decade, Te has also become an attractive
element with great biological applicability since it can be used
as quantum dots in imaging and diagnostics and has antibiotic

properties [3]. Even though Te has a biological relevance, it is

largely used in the development of thin films in chemical-
sensing applications, especially for toxic gas sensing. Szaro [4]
pioneered the studies regarding the effects of oxygen and
nitrogen, diluted in either dry or wet air, on the electrical prop-
erties of Te films. The results showed an increase in the hole
concentration during the adsorption process but not in the
mobility of these holes. However, the changes in the electrical
properties induced by these gases were very small and irre-

versible and were, later on, confirmed and explained in a
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systematic, relevant work [5]. In the early 2000s, Tsiulyanu and
coworkers [6] started to thoroughly investigate the use of Te
thin films as an active element in gas sensor manufacturing.
They showed that microcrystalline Te thin films, grown by ther-
mal vacuum evaporation, exhibit high sensitivity to low concen-
trations (ppm range) of nitrogen dioxide (NOj) even at room
temperature. Subsequent studies showed that it was possible to
increase the concentration range sensitivity to more than
300 ppm NO; by growing single-crystalline microtubes. In
order to do that, Te metal was evaporated onto quartz sub-
strates under an inert argon gas at ambient pressure [7]. Later, it
was also found that microcrystalline Te films have remarkable,
sensitive properties toward ammonia [8,9] and hydrogen sulfide
[10] and, to a lesser extent, to carbon oxides and amines [11]. In
the last years, due to the increase in the general interest toward
nanodimensional devices and structures, significant attention
has been given to growing, studying and applying nanostruc-
tured Te. To achieve these goals, different and sometimes quite
sophisticated chemical, electrochemical and physical methods
have been developed. In line with this, Wang and collaborators
[12] used thermal decomposition of Te dietyldithiocarbamato
film to grow Te nanoflakes. In order to synthesize Te nano-
wires, Liang and collaborators [13] performed chemical reac-
tions of Na,TeO3, in aqueous solution, via hydrothermal treat-
ment, whereas Ma and colleagues [14] used a solvothermal ap-
proach on glass substrates. To synthesize Te nanotubes, tech-
niques such as galvanic displacement of sacrificial cobalt nano-
wires were employed [15]. Lastly, to grow one-dimensional
nanostructures, either template-free electrodeposition of Te,
from an ionic liquid binary mixture [16], or thermal evapora-
tion in a furnace under argon gas flow [17] were strategies
utilized.

The present work is related to investigations of the interaction
between nanostructured Te films and toxic gases. According to
the literature, such investigations firstly have been provided
utilizing the nanocrystalline Te films grown onto Pyrex glass,
alumina (Al,0O3), oxidized silicon or sapphire substrates via
thermal vacuum evaporation of pure Te [18-20]. Tests were per-
formed in those films in order to access their ability to detect
both oxidizing (NO;) and reducing (H,S) toxic gases at temper-
atures between 77 and 423 K. Depending on the experimental
conditions in which the films were prepared (such as tempera-
ture, type and concentration of the target gas), their sensing
characteristics were found to vary. For instance, the best
response and recovery time values toward NO, were around
30 s and 7 min, respectively, at 40% sensitivity (defined as the
relative variation of the resistance). Such sensing parameters
did not differ much from the similar parameters obtained earlier
for microcrystalline Te films. Further investigations have been

extended to Te nanotubes grown on quartz or Si(111) sub-
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strates through a catalyst-free growing process in a furnace
filled with argon [21]. Another study used the high-vacuum
deposition technique in order to grow Te nanotubes on silicon
substrates containing previously deposited nanoparticles of
silver or gold [22]. In both cases, 50 nm diameter Te nanotubes
were obtained. When exposed to low concentrations of differ-
ent toxic gases, including NO,, the Te nanotube-based sensors
showed similar (or sometimes lower) numbers regarding sensi-
tivity and response/recovery times in comparison to Te single-
crystalline microtube-based gas sensors [7]. An increase in the
gas-sensing performance was achieved by growing single-
crystal Te-based nanotubes and nanowires via hydrothermal
recrystallization [23]. The response time range of NHj3 gas
sensors based on such nanocomponents was 5-18 s but the
recovery time ranged between 170-720 s. From comparison
with state-of-the-art devices, it can be observed that the physi-
cally nanostructured Te thin films exhibit great potential for ap-
plications in development in advanced gas sensors and, so far,
are the only Te-based nanostructured sensors tested with this
purpose. Besides, it can also be observed that nanostructuring is
mostly performed via phase transformations, such as hydrother-
mal recrystallization and growth of Te nanocrystals, nanotubes
or nanowires from the gas phase under vacuum or argon atmo-
sphere. On the other hand, nanostructuring can be performed
mechanically as indicated by the possibility of growth of
nanocrystalline gas sensors via rf sputtering (13.6 MHz) of Te

in an ultra-high-purity argon atmosphere [24].

The main aims of the present work were to investigate and
improve the gas-sensing parameters of nanostructured Te films
by using a mechanical nanostructuring approach. Crystalline
and amorphous Te films were grown, respectively, on glass or
porous, nanostructured, dielectric substrates. These two physi-
cally nanostructured Te films were studied with a special focus
on the gas-response kinetics.

Results and Discussion
Sample preparation, morphology and

structure

Two methods were used to nanostructure Te-based films:
growth of Te nanocrystals on Pyrex glass substrates or deposi-
tion of amorphous Te films onto nanostructured (porous) Al,O3
substrates. In both cases, the polycrystalline Te (purity
99.999%) was evaporated under 10™* Pa vacuum conditions.
The evaporation was carried out using VUP-5 equipment
(SUMLI, Ukraine) from a tantalum boat, keeping the same dis-
tance (20 cm) between the evaporation boat and substrate, with-
out any cooling or heating of the latter. To grow films with a
nanocrystalline structure, a growth rate of about 10 nm/s was

used whereas, for amorphous thin films, the growth rate was in-
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creased to 30 nm/s. The deposition rate was increased by raising
the temperature of the evaporator. The calibration was per-
formed via measuring the final thickness of the grown film
versus the time of deposition at given temperature of the evapo-
rator. Under these conditions, the amorphous Te films were
grown on either continuous (Pyrex glass) or porous (Al,O3)
nanostructured substrates. Then, rectangular 70 mm? samples
were cut from nanocrystalline and nanostructured amorphous
Te films, which were either prepared for further morphological
and structural analysis or for fabrication of gas-sensitive
devices. After preparation, the thickness and shape of the films
were studied using a SIS SCAN Control C (PhotoniTech Pte
Ltd., Singapore) atomic force microscope. The surface mor-
phology of the films was investigated using either a TESLA BS
340 or a VEGA TESCAN TS 5130 MM (TESCAN, Czech
Republic) scanning electron microscope (SEM). To investigate
the structural features of the grown films, X-ray analysis was
performed using a DRONE-YM1 (Burevestnik, Russia) diffrac-
tometer with Fe Ka radiation. The rotational velocity of the
scintillation counter was set to be either 2 or 4°/min. For the
electrical and gas-sensing characterization, the samples were
supplied with symmetrical gold or platinum electrodes, identi-
fied in our preliminary works as ohmics [25,26], which form
electrically transparent contacts with Te. The gold or copper
wires were then attached to the electrodes with a silver paste.
Figure 1A shows the surface morphology of a Te film grown on
a Pyrex glass substrate at a rate of 10 nm/s. As shown, the film
contains a dense nanocrystalline layer with randomly oriented
crystals with sizes ranging from 50-100 nm. Figure 1B shows
the surface morphology of an amorphous Te film grown on pre-
liminary nanostructured Al,O3. Pure amorphous films grown on
Pyrex glass substrates were uniform and did not exhibit a
striking morphological structure; therefore, their SEM image
was omitted.

At the same time, the Te films grown on the Al,O3 substrate
(Figure 1B) exhibited a nanostructured morphology, corre-
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sponding to the substrate template, which consists of ~100 nm
diameter dotted holes, separated 400 nm from one another. No

Te crystallites were observed in this case.

The structural phase state of the grown films was adequately
confirmed by X-ray diffraction (XRD). Figure 2 shows the
XRD patterns of Te films grown on either Pyrex glass
(Figure 2A) or nanostructured Al,O3 substrates (Figure 2B).

According to Figure 2A, the XRD pattern of films grown on
Pyrex glass substrates reveals a highly crystalline structure with
a predominant Te hexagonal phase. The positions of the most
intense peaks matched the reference values: from right to left,
the first peak occurs due to the reflection from the (100) crystal
plane, the second peak is observed due to the reflection from the
(101) crystal plane and the third peak appears due to the reflec-
tion from the (110) crystal plane. The nearly equal intensities of
these peaks as well as the appearance of other refraction peaks
indicates the absence of a predominant growth orientation of the
nanocrystals. As a counter example, the XRD pattern of a Te
film grown on Al,O3 substrates with a higher deposition rate
~30 nm/s (Figure 2B, adapted from [27]) only shows two weak
Te peaks (ASTM, 4-554). These type of films are considered
amorphous. It should also be mentioned that the XRD pattern of
samples grown on Pyrex glass substrates at the same rate of
30 nm/s (data not shown) does not show features of crystalline
Te.

Gas-sensing characterization, methods and

response kinetics

For the gas-sensing characterization of fabricated films, NO,
was chosen since it is one of the most active toxic gases known
to interact with Te [1].

NO, vapor, with a concentration of either 0.5 or 1.0 ppm, was
obtained by using the experimental set up described in our
previous paper [28]. Gaseous NO, media was obtained using a

DET: £ Delector

Figure 1: SEM of Te films grown: a) on Pyrex glass at a rate of 10 nm/s and b) on nanostructured AloOg substrates at a rate of 30 nm/s. Scale bar is

5 pym.
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b)

Figure 2: XRD diffraction patterns of Te films grown on Pyrex glass (A) or nanostructured Al,O3 (B) substrates.

calibrated permeation tube (Vici Metronics, USA), which was
introduced into the experimental setup. Ambient air was used as
both the carrier and the reference gas. Nanostructured Te-based
gas-sensing devices were put into a 10 mL test cell and the NO,
diluted in ambient air was injected at a 100 mL/min flow rate
parallel to the film surface. To perform both the heating and the
annealing of the samples, the test cell was mounted inside a
furnace. A platinum temperature detector (PT-100, Cliptec
Kabeltechnik, Germany) was placed close to the film and was
used to assist with the temperature control.

The data was processed using a PC equipped with a data acqui-
sition board (National Instruments Inc., USA). Characteristic
transient current response curves were collected at a constant
applied voltage (5 V), using different NO, concentrations at dif-
ferent temperatures. The switching between the mixture of NO,
vapor and reference gases was computer-controlled. The time
delay between measurements was 2 s, which was, simultaneous-
ly, much smaller than the sensor response time and much higher
than the assessed dielectric relaxation time value. In order to
transform the resistance signal into a voltage signal, the sample
was connected in series to a load resistance using a dc voltage
supplier. In all measurements, the load resistance was chosen to
be approximately one order of magnitude lower than the sam-

ple resistance.

Figure 3 shows the dynamic response of both nanocrystalline
(blue) and amorphous (black) nanostructured Te-based gas-
sensitive devices to a concentration pulse of 1.0 ppm NO, at
room temperature (22 °C). As a comparison, and under the
same conditions, the response of a microcrystalline film grown
on a Pyrex glass substrate at a deposition rate of 1 nm/s was
also added. The morphological and structural features of micro-
crystalline films were previously described in detail [5,6]. It can
be observed in Figure 3 that both the response current and the

time to reach the saturation decrease with the reduction of the

crystallite structural block dimension, i.e., from microcrys-
talline (red) to nanocrystalline (blue) states. On the other hand,
the behavior of the nanostructured amorphous films (black
curve) is significantly different from the crystalline ones. It is
worth noting that these parameters also depend on the film

thickness, temperature and gas concentration.
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Figure 3: Normalized dynamic response of a microcrystalline (red),
nanocrystalline (blue) and amorphous (black) nanostructured
Te-based gas-sensitive device to a rectangular pulse of 1.0 ppm NO»
at room temperature (22 °C).

The effect of temperature and gas
concentration on nanocrystalline films

Figure 4 shows the current flow through a ~100 nm thick
nanocrystalline film submitted to repeated switching on—off
cycles of the NO, gas mixture at a constant bias voltage and

22 °C operating temperature. Square pulses of NO, vapor
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Figure 4: Transient characteristics of gas-induced current in nanocrystalline Te films, at different temperatures, due to the exposure to various NO2
concentrations, according to the profile shown by the green dashed line at the bottom.

at concentrations of 0 ppm, 0.5 ppm, and 1.0 ppm were applied.
The dashed green line shows the switching profile. It is seen
that the current follows the same pattern but the baseline
strongly increases with temperature, as depicted in Table 1.
Table 1 also shows the film sensitivity, which is calculated from
the response kinetics to 1.0 ppm NO,, as a relative percent

increase in current (in %/ppm) according to Equation 1:

S=100(lg —I5)/ C-1g W

where I, and I are the currents flowing through the specimen in
air and in the presence of NO,, respectively, and C is the gas
concentration.

Figure 4 shows that, independent of the operating temperature,
the recovery time (#,y) is longer than the response time ().
These parameters, listed in Table 1, were estimated to be the
time to reach and to lose 50% of the maximum value of /.

According to Table 1, both #, and #,, decrease with the temper-
ature increase; however, the sensitivity of the films diminishes.
In the following subsection, interesting results will be explored
in terms of solving this sensitivity issue by nanostructuring
amorphous Te-based films.

Amorphous nanostructured films

Figure 5 illustrates the transient characteristics of the gas-in-
duced current in both nanocrystalline Te films, grown on Pyrex
glass substrate, and amorphous Te films, grown on a nanostruc-

Table 1: Gas-sensing parameters of nanostructured Te films. t is the recovery time and t,5 is the response time upon exposure to 1.0 ppm of NOa.

Films T[°C] Baseline [pA]
nanocrystalline 22 15

50 18

100 24
amorphous 22 11
nanostructured

Sensitivity [%/ppm] trs [S] trv [S]
50 160 600
40 70 200
25 50 50
65 15 30
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Figure 5: Transient characteristics of gas-induced current in amorphous nanostructured Te films (blue curve) at room temperature (22 °C) due to
exposure to various concentrations of NO», according to the profile shown by the green continuous line at the bottom. The transient characteristic

profile for nanocrystalline film (red curve) is given for comparison.

tured Al,O3 substrate. The NO, exposure profile curve is
shown by the green continuous line at the bottom. The oper-
ating temperature was maintained at 22 °C. There is no notice-
able baseline drift in either the nanocrystalline or in the amor-
phous nanostructured films; however, a dramatic change in the
response kinetics can be clearly observed. These changes
consist of a decrease in both the response and recovery times
for amorphous Te films grown on preliminary nanostructured
Al,O3 substrates. As shown in Figure 6A, in such films, the
response time is approximately only 15 s whereas the recovery
time is about twice as long (see red bars). Interestingly, the
reduction in both the response and recovery times is accompa-
nied by an impressive increase in gas sensitivity reaching 65%/
ppm, which is the highest among the values obtained for the
nanostructured films studied. The diagram presented in

Figure 6B illustrates this result.

Another peculiarity of the transient characteristics of amor-
phous nanostructured films is a spontaneous reduction (or
increase) in the gas-induced current in terms of step change

concentration of the target gas.

Discussion

This paper presents a study regarding two different types of
nanostructured Te films physically built either in the form of
nanocrystals, grown onto flat substrates, or vitreous Te,

deposited onto nanostructured (porous) dielectric templates. It

was expected that the physical properties, including the adsorp-
tive ones, of these films would differ from each other and also
from those observed in the microcrystalline Te-based films. In
fact, this assumption, previously mentioned in our review paper
[29], was confirmed by our results presented in Figure 3, which
shows the normalized response kinetics to the target gas NO,
when in contact with microcrystalline, nanocrystalline or amor-
phous nanostructured Te-based films. Since that review was
dedicated to exploring only the fabrication and investigation of
gas-sensing properties of nanocrystalline Te films, it was only
superficially mentioned that the amorphous films could improve
the response kinetic parameters in detriment of sensitivity. One
way to enhance both the response time and sensitivity to NO,
seems to be the mechanical nanostructuring of amorphous Te
films, which is investigated and discussed in this paper. So far,
nanocrystalline Te films have been grown using either the ther-
mal vacuum evaporation of pure Te [17-20] or its sputtering
under a pure argon atmosphere [24] onto glass, Al,O3 or
sapphire substrates. It was shown that the film morphology as
well as the gas sensitivity is controlled by several factors, such
as the nature and temperature of the substrate, the type and con-
centration of the target gas molecules, film thickness, post-prep-
aration thermal treatment and operating temperature. It is more
or less generally accepted that the films grown on glass sub-
strates at room temperature exhibit a maximum sensitivity to
gases such as NO,, H,S or ammonia. This is the main reason

why this method was used in this work to manufacture and ex-
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Figure 6: Comparison of the gas-sensing properties of nanocrystalline and amorphous nanostructured Te-based films to NO5 at different tempera-

tures: A) response and recovery times; B) sensitivity.

amine Te films. According to the SEM image shown in
Figure 1A, nanocrystalline Te films grown on glass substrates
present a uniform and dense distribution of randomly oriented
nanocrystalline grains with an approximate average size of
100 nm. Assuming the neutrality of the Au/Te contacts, the
electrical conductivity of the film is mainly controlled by the
bulk, surface and grain boundary resistances. On the other hand,
due to the peculiarities of chalcogens and chalcogenide materi-
als [1,30], a region enriched in holes is formed at the surface
and at grain boundary and intragrain regions. Therefore, when
the films are exposed to NO,, the surface and grain boundaries
are the most affected by the gas reaction. Although the gas
sensing occurs due to the variation in hole density at the
enriched region (surface and grain boundary), in the presence of
gaseous media, the bulk is responsible for the observed increase
in the baseline current when the temperature increases
(Figure 4). Elevated temperatures result in the decrease of the
gas (NO») sensitivity, as shown in Figure 6B. At the same time,
the increase in the operating temperature values affects the gas
response kinetics (Figure 4), essentially decreasing both the
response and recovery times (Figure 6A). The decrease in both
the response and recovery times with an increase in tempera-
ture can be partially explained by Maxwell’s dielectric relaxa-
tion time (7). As T, = gggp (p is the bulk resistivity, € and g are
the permittivity and the electric constant, respectively), it is
clear that 1, decreases since there is a reduction in the resis-

tivity when the temperature increase and the system reaches

steady state in less time. Another suitable explanation for the
reduction in the response and recovery times with the increase
in temperature might be the shift in the adsorption—desorption

equilibrium, pointed out in Langmuir's theory [31].

The nanostructuring of Te-based films by growing amorphous
Te on nanoporous Al,O3 substrates (Figure 1B) allows for a
reduction in the response and recovery times and a simulta-
neous increase in the sensitivity to NO,. As show in Figure 6A
and Table 1, both the response and recovery times for these
films are, respectively, more than 10 and 20 times shorter in
comparison to the nanocrystalline film kinetics. In addition, the
sensitivity to 1 ppm of NO, increases by 15%/ppm. It is worth
noting that such remarkable improvement in gas sensing param-
eters is achieved without heating, since the working tempera-
ture is kept at 22 °C (room temperature). The reason for such
behavior seems to be due to the increase in the chemical activi-
ty of chalcogenides at the surface when disorder (amorphiza-
tion) increases [32,33] and to the increase in the active area
caused by substrate porosity. Another interesting feature ob-
served in the experiments was the spontaneous reduction (or
sometimes increase) in the gas-induced current upon step-
change concentration of the target gas. This can be explained
based on the concentration-induced phenomenon that induces
sensitivity damping in ultrathin films [34]. It is safe to assume
that, given the high rate at which the films are grown (30 nm/s),

their thickness remains low (<40 nm) since the film is deposited
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on the walls of the porous surface. On the one hand, these
ultrathin films show a considerably short response time, but
on the other hand, the increase in gas concentration damps
their sensitivity due to the formation of a catalytic gate at the
surface.

Conclusion

The nanostructuring of Te-based films by growing vitreous Te
on a pre-nanostructured (porous) dielectric template significant-
ly improves their gas sensing capabilities. At room temperature
(22 °C), the response and recovery times decrease by approxi-
mately 10 and 20 times, respectively, in comparison with
nanocrystalline Te films. In addition, there is an increase in the
gas sensitivity by 15%/ppm. These achievements can be
attributed to two main factors: the increase in chemical activity
of chalcogenides at the surface due to increase in disordering
(amorphization) and an increase in the active surface area due to
increased substrate porosity.
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The optical anisotropy of the SbySes crystals was investigated at 300 and 11 K. Excitonic features of four excitons (A, B, C, and D)
were observed in the optical spectra of the Sb,Ses single crystals and in the photoelectric spectra of the Me—Sb,Ses structures. The
exciton parameters, such as the ground (n = 1) and excited (n = 2) state positions and the binding energy (Ry), were determined.
The effective mass of the electrons at the bottom of the conduction band (m.* = 0.67m) as well as the holes at the four top valence
bands (m1* = 3.32mg, myo* = 3.83mg, my3* = 3.23mg and my4* = 3.23mg) were calculated in the I'-point of the Brillouin zone. The
magnitude of the valence band splitting V|-V, due to the spin—orbit interaction (Ag, = 35 meV) and the crystal field
(Acf = 13 meV) were estimated in the Brillouin zone center. The energy splitting between the bands V3-V4 was 191 meV. The
identified features were discussed based on both the theoretically calculated energy band structure and the excitonic band symmetry
in the Brillouin zone (k = 0) for crystals with an orthorhombic symmetry (Pnma). The photoelectric properties of the Me—Sb,S3
structures were investigated in the spectral range 1-1.8 eV under E||c and E Lc polarization conditions and at different applied volt-
ages.

Introduction

Antimony selenide (SbySe3) is an inorganic semiconductor
compound with interesting photoelectric properties. This mate-
rial has a high absorption coefficient (=10° cm™!) in the region
of maximum solar energy radiation [1,2] which is corroborated
by a 6.5% rapid increase in solar cell efficiency when Sb,Sej is
present [3-5]. Interestingly, this high absorption coefficient is
103 times higher than the absorption in silicon [5-7] and encom-

passes a wide portion of the spectrum ranging from 1.0 eV to

2-3 eV. The crystalline structure of Sb,Ses is quite uniform and
stable which minimizes the energy loss due to radiation [3,7,8].
In combination, the binary arrangement (Sb, Se), high crys-
talline stability, low toxicity and low deposition temperature
(melting point ~611 °C) reduce the production costs [3-10]. It
has been shown that SbySe; has many applications in photo-
voltaic devices and thermoelectric systems where it can be used

as a thin film [11], in thermovoltaic and switch devices [12], in

1045


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:sirbunn@yahoo.com
https://doi.org/10.3762%2Fbjnano.11.89

optical data storage [13] and in optoelectronics as a 2D

anisotropic material [14,15].

In order to use Sb,Sej to build high-performance devices it is
necessary to study its crystalline nanostructure in terms of band
structure and optical and optoelectronic properties, especially in
the bandgap region in which ambiguous and contradictory
results have been obtained. For example, the energy range of
the bandgap was found to be 1.2 eV [15,16], 1.1-1.3 eV [17,18]
and 1.25-1.46 eV [19] and these discrepancies have been
pointed out in a different study [20]. There are also discrepan-
cies in terms of which type of electronic transitions are respon-
sible for determining the minimal bandgap. Several studies have
shown that the bandgap is established due to allowed transi-
tions that happen within 1.0 and 1.9 eV [6,8,10], whereas other
studies show that the bandgap is determined by forbidden tran-
sitions [21-23]. In addition, the energy band structure and the
theoretical calculations in the Brillouin zone space are also
ambiguous [6,8,10,19,20].

The crystalline properties of Sb,Ses, such as optical absorption,
reflection, and photoconductivity, were studied in this work. In
order to determine the bandgap, the nature of electronic transi-
tions, among other properties, the absorption, reflection and
excitonic spectra were obtained. The Sb,Ses crystalline
anisotropy of the ground and excited states of four excitonic

series were determined at 300 and 11 K.

Due to the crystal field (A.f) and spin—orbit (Ag,) interactions,
the high valence band splittings were estimated in the Brillouin
zone center. The effective mass of the electrons and holes was
calculated as well as the anisotropy of the latter. The photocon-
ductivity measurements were performed in the excitonic region
at positive and negative voltages applied to the Me—Sb,Ses
contacts. A similar investigation using the Sb,S3 single crystals
was carried out by our group [24]. Since Sb,S3 and Sb,Ses have
a similar band structure, the four excitonic states (A, B, C and
D) were also obtained for the Sb,Sj single crystals. Based in
our previous work [24], the exciton binding energies, valence
band parameters, valence band splitting, as well as the effective
mass of electrons and holes were estimated for SbySej single
crystals.

Experimental

Bulk Sb,Sej crystals were obtained by fusion (T = 700-730 °C)
of antimony (Sb) and selenium (Se) taken in the stoichiometric
ratio. The growth method used for SbyS3 [24] was adapted here
for lower temperatures. Sb and Se, at a semiconductor purity BS
level (99.9999%), were used as the initial precursors and placed
into a container that was evacuated to a residual pressure of

107> mmHg. For a thorough mixing of the reacting components

Beilstein J. Nanotechnol. 2020, 11, 1045-1053.

in the liquid phase, a rocking device and an electromagnetic
vibrator, at a frequency of f = 2 Hz, were used and the reaction
lasted between six and eight hours. The ampoule with the syn-
thesized material was placed in a temperature-gradient furnace.
The synthesized Sb,Se3 was placed in the highest temperature
zone of the furnace (720-730 °C) whereas the other end the
of ampoule was designated as the crystal growth zone
(670-680 °C). The ampoule was maintained at this temperature
gradient for 80 h to allow for the crystal growth process. Due to
the temperature gradient, the material was transferred to the
crystal growth zone, which was set at the lower temperature
range. The temperature difference between the two zones was
approximately 50-60 °C which enabled single-crystalline
growth. Easily-cleaved crystal ingots (1 X 1 x 1.5 cm) were the
final product, from which mirrored layers of various thick-
nesses (100 um-3 mm), were obtained. Thinner layers
(1.3-10 um) could also be obtained from the crystal with the aid
of adhesive tape. X-ray diffraction was performed in order to
verify the quality of the crystalline sheets and their spatial crys-

talline groups.

Optical transmission and reflection spectra were obtained on a
double-grating spectrometer SDL-1 with a 1:2 aperture and
7 A/mm linear dispersion. The crystals were placed in a closed
helium cryostat LTS-22 C 330 perpendicular to the b axis and
their spectra were obtained at low temperatures with ~0.5 meV
resolution since both the spectrometer entrance and exit slits did
not exceed 70 um. The crystal layers were characterized by a
high reflectance, which is characteristic of metallic aluminum
mirrors. Some measurements were also carried out on the spec-
trometer DFS-32 coupled with a Specord M-40 and a Jasco
V-670. The photoconductivity spectra were obtained on a single
spectrometer (MDR-2) with a 1:2 aperture and 7 A/mm linear
dispersion.

Results and Discussion

The quality and composition of the single crystals were verified
by optical and X-ray diffraction (XRD) analysis. The position
of the atoms relative to the crystal lattice axes and the crystal
XRD pattern is shown in Figure 1. A typical Sb,Se; diffrac-
togram is shown in Figure 1B. This result indicates the com-
plete miscibility of the components during the synthesis
process. The Sb,Ses lattice parameters were determined based
on the XRD analysis. The experimental interplanar distances
dhkl, obtained from the X-ray data for SbySes, are consistent
with the previously published data [11]. The analysis shows that
the prepared Sb,Sej crystals are single phase and have an
orthorhombic-type structure with a Pnma space group
(a=11.6901, b =3.9210, c = 11.4894 A) [21,25]. According to
Figure 1A, which shows a fragment of the SbyS3 crystal lattice,

Sb,Ses is a 2D semiconductor with a layered structure in which
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the Sb and Se atoms are connected with three other atoms of the
opposite type, which in turn are connected within the crystal

through weak secondary bonds.

| B (230) | (221)
L (240)

- (120)

| (130)
(S91) (061)

- (141)
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Intensity, a.u.

20 40

20 (degree)

Figure 1: (A) Positions of the Sb and Se atoms in the Sb,Sej crystals.
(B) The SboSej crystalline XRD pattern.

60

Figure 2 shows the absorption spectra of the SbySes crystal
(thickness d = 113 pm) measured at different temperatures
(300-11 K) under E||c and E Lc polarization conditions. The
results demonstrate that the absorption edge is shifted towards
higher energies when the temperature decreases. The largest
difference in the absorption edge (E.q) values is observed at
~2-103 cm™! and at 300 K (AE = E.q(ELc) — E.q(Ellc) =
29 meV). When the temperature decreases to 100 K, AE
decreases to 9 meV; however, a further decrease in the tempera-
ture to 11 K leads to an increase in AE to 16 meV (Table 1).
Such absorption characteristics suggest that the absorption edge,
under these polarization conditions, is formed due to the elec-
tronic transitions from different valence bands to a conduction
band. Estimated values for the edge positions can be obtained
by extrapolating the absorption curve to the energy axis, as

shown by the black dotted lines in Figure 2.

Beilstein J. Nanotechnol. 2020, 11, 1045-1053.

| L 1 . | L 1 L
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T10

Figure 2: The absorption spectra of the SboSej crystals, with thick-
ness d = 113 um, measured at different temperatures (300 K: cyan,
200 K: blue, 100 K: green, 50 K: red and 15 K: black) for E||c (A) and
Elc (B) polarization conditions.

Table 1: The differences (AE) in the absorption edge positions (Eeq)
for E||c (Eeq(ELc)) and ELc (Eed(El|c)) polarization conditions at differ-
ent temperatures.

T,K Eeq, ELc, eV Egg, Ellc, eV AE, meV
300 1.220 1.191 29

200 1.264 1.244 20

100 1.296 1.287 9

50 1.307 1.296 11

11 1.294 1.278 16

Figure 3A illustrates the absorption spectra of the SbySes single
crystal with a 13 pm thickness measured at room temperature

under E||c and E Lc polarization conditions. The spectra show
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the high absorption coefficients with maxima at 1.162 eV
(marked as A, E||c) and 1.185 eV (marked as B, ELc) at the
absorption level of 2 x 10* cm™!. The onset of edge absorption
starts at 1.09 eV (E||c) and 1.1 (ELc). In conclusion, the absorp-
tion edge splitting (with a high absorption coefficient of
~10* em™!) measured at room temperature is 23 meV.

140
104

o, cm

o JPh. a.u. =

103

| L | L | -

1T 1211
Energy, eV

L B 300k >

a.u.
> Jpp, 3

K; ho K,

20V
10V SbZSe3

|

156

T 1
Energy, eV

Figure 3: (A) The spectra showing the edge absorption (o) and photo-
conductivity (Jpp) for the SboSejz crystals measured under E||c and

E Lc polarization conditions and at room temperature (insert shows the
structure used for the photoconductivity measurements). (B) The
photoconductivity spectra measured at room temperature for various
voltages applied to the In-Sb>Sej contact (insert illustrates this struc-
ture).

In order to investigate the electrical and photoelectric proper-
ties of the metal-antimony selenide (In—Sb,Ses) contacts, the
structures were obtained by either thermal sputtering under
vacuum or electrochemical deposition onto the cleaved faces of
single crystals (Figure 3A). Current—voltage characteristics
suggest that the contacts have an ohmic behavior. The imped-

Beilstein J. Nanotechnol. 2020, 11, 1045-1053.

ance has a frequency dependence that is characteristic of the
conductivity hopping mechanism which in turn is independent
of the metal type and the deposition method used. The
photocurrent increases when the energy of the photons in-
creases in the Schottky barriers when the transparent contacts
are illuminated. The structures with the contacts deposited onto
one side of the crystal are photosensitive. At the same time, the
contact deposition onto opposite sides of the crystal planes
leads to the appearance of a photo-electromotive force (EMF)
with a magnitude of up to 150 mV. The photocurrent increases
when a positive voltage is applied to the illuminated electrode
and it decreases to zero when a negative voltage is applied. The
nature of the photoelectric effect cannot be associated with the
contact-EMF effect since there is no band bending at the semi-
conductor surface region. On the other hand, the photo-EMF
effect, in this case, may be associated with the Dember effect.

The photoconductivity and photo-EMF spectra in the absorp-
tion edge region show a broad band with maximum values at
1.187 eV (ELc) and 1.167 eV (E]|c) (Figure 3A) which are as-
sociated with the light absorption at the direct transitions in the
interband gap minimum region. It is highly likely that the
photoconductivity maxima are due to excitonic ground states
(n = 1) in the aforementioned polarization conditions. In addi-
tion, the photocurrent increases when the bias increases. For the
unpolarized light case, the photoconductivity spectra have a
narrow maximum at 1.15 eV when different voltages are
applied to the K| and K, contacts belonging to the structure
shown in the Figure 3B insert. The maximum intensity in-
creases when the voltage between the contacts increase which
can be associated with the electronic transitions in the absorp-
tion spectra at 1.17 eV and 1.19 eV. When the applied voltage
increases the photocurrent signal also increases in the region of
higher energies (1.2-1.8 eV), reaching a maximum at
1.5-1.6 eV. The maximum photocurrent value at 1.15 eV is due
to excitonic states at the direct electronic transitions between
V—C; bands. The increase in intensity with the applied voltage
confirms the excitonic character of the maximum, which is
consistent with the fact that the binding energy of these exci-
tons is 130-136 meV.

The In—Sb;Sejs structures, in which the contacts were deposited
by electrochemical methods, show photosensitivity over a wide
energy range (1-1.8 eV, Figure 4). When a voltage range from
0 to 2 V was applied to the indium contacts, the photoconduc-
tivity maximum was registered at 1.168 eV for both polariza-
tion cases (E_Lc and El|c). This happens due to the direct elec-
tronic transitions in the bandgap minimum. The maxima D at
1.46 eV and F at 1.67 eV are observed in the photoconductivity
spectra at the energy range between 1.3-1.8 eV for the ELc po-

larization case (Figure 4). For the E||c polarization condition, a
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lower maximum S is observed at 1.60 eV. All these maxima can
be attributed to the direct electronic transitions in the Brillouin

zone.

16
Energy, eV

Figure 4: The photoconductivity spectra registered when 2 V is applied
to the In-Sb,Sej contacts (Figure 3A, insert) under the E||c and ELc
polarization conditions.

The maxima observed for the reflection spectra (room tempera-
ture, E|[c) are at 1.164 eV and 1.325 eV due to the ground states
n® =1 and nC = 1 for the A and C excitonic series, respective-
ly. For the Elc case, the reflection spectra maxima are at
1.191 eV and 1.467 eV due to the ground states for B and D
excitons, respectively. A weaker shoulder S at 1.6 eV and a
maximum G at 1.807 eV are measured for the E||c polarization
case at higher energies. For E Lc the polarization maximum F is
at 1.671 eV (Figure 5A). There is good agreement between the
maxima in the reflection (Figure 5) and in the photoconduc-
tivity spectra (Figure 4); therefore, these values can be attri-
buted to the direct excitonic state transitions in the Brillouin

zone.

The excitonic nature of the maxima detected in the reflection
spectra is also confirmed by the absorption spectra measure-
ments performed at low temperatures (Figure 5B). For the E||c
case, when the temperature decreases to 10 K, a maximum is
detected at 1.299 eV which is caused by the exciton ground
states n® = 1, conventionally designated as the A series. For the
same polarization case, another maximum n€ = 1 is detected at
1.347 eV, which is caused by the ground state of the C exci-
tonic series. For the ELc polarization case six maxima are
detected. In the long-wavelength region, a maximum is detected
at 1.312 eV, which is caused by the B series. At 1.410 eV and
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Figure 5: (A) The reflection spectra of the SboSes crystal measured at
room temperature for both E||c and E Lc polarization conditions.

(B) The edge absorption of the Sb>Sejs crystal with a thickness

d = 1.3 pm for E||c and E Lc polarization conditions at a temperature of
10 K.

1.429 eV, the excited states B = 2 and nB = 3 of the B exci-
tonic series are observed. In the high-energy region, the
maximum nP = 1 is detected at 1.538 eV and a weaker peak is
detected at 1.588 eV, which is formed by the D excitonic series
in the vicinity of another pair of bands. To determine the main
parameters of the excitonic series, the profiles of the measured
reflection spectra of the A and B excitons (experimental data)
are calculated based on the dispersion ratios in the single-oscil-
lator and multi-oscillator models, according to a method de-
scribed in our previous work [26].

Figure 6 shows the experimentally measured and the calculated
profiles of the reflection spectra for both E||c and E Lc polariza-
tion cases at 300 K. The calculations showed that for the polari-
zation E||c the background dielectric constant (gy,) is equal to
7.5, the energy of the transversal exciton (wr) is 1.192 eV, the
longitudinal-transversal splitting (wy 1) is 15 meV, the damping

factor (y) is 110 and the translational mass of the exciton (M) is
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3.5mq (Table 2). For the excitonic series C the following param-
eters were calculated: wp = 1.310 eV, wpr =17 meV, y = 150
and M = 3.9m. For the E_Lc polarization case the calculations
of the reflection spectra profiles gave the following parameters:
e, = 7.5, oy =1.219 eV, ot = 14 meV, y = 161, and M =
4.51”10.

32

N
\O

1.3

Energy, eV

13
Energy, eV

Figure 6: The experimentally measured (exp.) and calculated (calc.)
profiles of the reflection spectra for the E||c (A) and E Lc (B) polariza-
tion cases at 300 K.

By using the obtained experimental data and the known rela-
tion p* =8%Ry/RH, where Ry is the Rydberg energy of a
hydrogen atom (13.6 eV) and Ry is the binding energy for the
corresponding exciton (Rydberg constant), the reduced effec-
tive mass (u*) is calculated for the excitons A, B, C and D. For
excitons A and B when the background dielectric constant is
€, = 7.5 and the binding energy is Ry = 130-136 meV the
reduced exciton mass is pu* = 0.56m. For the exciton series C at
€y = 7.5 and at the binding energy Ry = 82 meV, the reduced
mass of the exciton is u* = 0.49m(. The Bohr radius (ag) for the
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Table 2: Exciton parameters of the Sb,Sej crystals (data outside
brackets: from the reflection spectra, data inside brackets: from the
absorption spectra).

Exciton Ellc, Elc, Elc, Elc,

state A-exc. B-exc. C-exc. D-exc.
R,300K/ R,300K/ R,300K/ R,300K/
(0, 11K) (o, 11K)  (o,11K) (&, 11 K)

hoiey 1.164/ 1.191/ 1.310/ 1.522/

’ (1.299) (1.312) (1.347) (1.538)
n=2.ev. - 21'?4117(;) 1.372 i1 588)
n=3,eV - (1.429) - -
wLT, meV 150 14.0 17.0 -

Ry,eV - ?6?16%) 0.082 0.067
EgeV - 21'_354?2/) 1392 1589
&b 75 7.5 - 8.5
g*, mo 0.56 0.56 - 0.49
M, mg 35 45 3.9 3.9
mg,mg  0.67 0.67 0.67 0.67
myi, mg  3.32 - - -
my,my - 3.83 - -
mys,my - - 3.23 -
mv4*, mo - - - 3.32

S state of the A exciton is 0.3 x 107 cm and for the B exciton it
is ag = 0.2 x 107 cm. Considering that the exciton mass M is
equal to the sum of the masses of holes and electrons,
my* + m.*, and the reduced mass 1/pu* is equal to
(1/my*) + (1/m*), from the experimentally estimated mass
values of M and p*, the effective mass is estimated for the elec-
trons in the conduction band m * = 0.67m and for the holes in
the valence bands my* = 3.32mg, myp* = 3.83mg, my3* =
3.23mg and my4* = 3.32m( (Table 2). The excitonic parameters
calculated here correlate with the previously published data
[18], where it was stated that Frenkel excitons exist in the SbyS3
crystals with a binding energy Ry = 0.1 eV and effective mass
m¢* = 1.035mq, my1* = 1.843mq. A similar approach that was
used in our previous work to study the Sn,S3 crystals was also
used here for the calculation of the effective mass of electrons
and holes in the bands located at the Brillouin zone center. The
magnitudes of the effective mass of the electrons (m.* =
1.08my) at the bottom of the conduction band and of the holes at
the top of four valence bands (11", myy" = 2.91mg and my3”,
mya = 3.12mg) were estimated [24]. The bandgap was calcu-
lated based on the positions of the ground and excited states of
the observed excitons. The well-known formula E, = E; + Ry/n?
was used for this calculation, where Eg is the bandgap energy,
E; corresponds to the positions of the ground (rz = 1) and excited

(n =2, 3, 4...) states of the exciton, Ry is the exciton binding
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energy (Rydberg constant) and n =1, 2, 3 ... are the main quan-
tum numbers. First, from the positions of the ground and
excited states, the Rydberg constant was calculated. Then the

bandgap energy is estimated.

In the SbySes and Sb,S3 crystals, the theoretical calculation of
the band structure over a wide energy range was performed in
several studies [6,8,10,19]; however, the obtained results were
contradictory and the inconsistencies were related to the assign-
ment of the actual points in the Brillouin zone. For all the
previous studies [6,8,10,19] the valence bands had the
maximum in the Brillouin zone center (in k£ = 0, I'-point) where-
as the minimum in the conduction band was found to be in dif-
ferent points of the Brillouin zone. For example, a few studies
[8,10,19] showed that the minimum was localized in the Z point
whereas others [6] found the minimum in the X point. In addi-
tion, for the Sb,S;3 crystals [20], the minimum energy interval
corresponded to direct transitions in the center of the Brillouin
zone (I-point). For the Sb,Ses crystals the top of the valence
band was positioned between the I' and S points, while the
bottom of the conduction band was in the I" point. Given the
inconsistency in the literature, our results were discussed based
on theoretical calculations performed by Koc¢ and collaborators
[20]. A similar approach was used to interpret our previous data
for the Sb,S3 crystals [24]. Based on the results by Kog et al.
[20], Figure 7 illustrates the band structure fragment in the
interband minimum region. As mentioned previously, Ko¢ and
collaborators [20] calculated and built a wavevector space for
both crystals (SbpS3 and SbySes) band structures. Based on
these data an interpretation was made in terms of the electron
transitions in the framework of the calculated band structure. As
mentioned, a few previous studies have shown that the absorp-
tion edge was formed by indirect transitions in SbySe;. Howev-
er, the data presented here does not confirm entirely the
previous findings and it does not refute the existence of indirect
transitions given that more studies (like the ones made for Ge,
Si, GaP, etc.) need to be performed in order to clarify those
issues, ideally with purely grown crystals. We do not negate the
existence of indirect transitions as we do not have such experi-
mental data. Therefore, a focus will be given on the direct tran-
sitions that were experimentally observed (Figure 7).

The excitonic series A, B, C, and D is formed by the electrons
in the conduction band C; (with I'q symmetry) and the holes in
the valence bands Vi, V,, V3, and V4 (with ['7, T'g, ['7, and T'g
symmetries), respectively [27]. Considering that the bands orig-
inate from the structures with a higher symmetry (tetragonal) to
the structures with an orthorhombic symmetry (D5y), it should
be noted that the bands in k£ = 0 are split by a crystal field and a
spin—orbit interaction [27]. The lower conduction band is

formed from the I'| states and acquires the ' (['7) symmetry,
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N L7 33
Ta —=Dyq4

no spin-orbit spin-orbit

Figure 7: (A) The energy band structure of the SbySej crystals. Insert
illustrates the Brillouin zone. (B) Transformation from the tetrahedral to
orthorhombic symmetry due to the spin—orbit interaction and the
crystal field in the center of the Brillouin zone. Figure 7B adapted with
permission from [24], copyright 2020 Elsevier.

while the upper valence bands of Vy, V,, V3, and V4 have the
I'7, T'g, I'7, and I'q symmetry, respectively. The interaction be-
tween the electrons from the I'q conduction band and the holes
from the I'; valence band is determined by the product of the
irreducible representation I'j| X ' X I'; =3 + 4 + I's. As a
result of this interaction, in the long-wavelength region, an
exciton I'4 is allowed in polarization E||c, ['5 is allowed in po-
larization ELlc and I'; is forbidden in both polarization condi-
tions. The interaction between the electrons from the C;
conduction band (I's symmetry) with the holes from the V;
valence band (I'q symmetry) causes the appearance of three
excitonic series: I'j, I'; and I's. According to the selection rules
for the ELlc polarization case, the I's excitons are allowed
whereas the ['| and I'; excitons are both forbidden. A similar
approach was used when the SbyS3 single crystals were investi-
gated [24]. Since the SnyS3 and SnjSes crystals have the same
crystal structure and a similar band structure (only with a differ-
ent bandgap) the excitons observed had the same symmetries.
Based on the obtained experimental data, the splitting between

the upper valence bands, V| and V5, in the center of the Bril-
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louin zone is 13 meV, whereas the splitting between V, and V3
is 35 meV and between V3 and V4 is 191 meV.

Besides the excitonic peaks (A, B, C and D), the features al
(2.090 eV), a2 (3.059 eV), a3 (3.365 eV), a4 (3.822 eV), a5
(4.432 eV), a6 (5.009 eV), a7 (5.281 eV), a8 (5.466 eV) and a9
(5.815 eV) are also observed in the reflection spectra (Figure 8).
These spectra were measured at room temperature over a wide
energy range (1-6 eV) under the E||c and Elc polarization
conditions. The observed reflection peaks can be associated
with the direct electronic transitions at actual points of the Bril-
louin zone. In the ELlc polarization, the reflection spectra
maxima bl (2.167 eV), b2 (2.439 eV), b3 (2.875 eV), b4
(3.191 eV), b5 (3.485 eV), b6 (4.040 eV), b7 (4.509 eV), b8
(5.391 eV), b9 (5.685 eV) and b10 (6.045 eV) can be identified.
The maxima al, bl, b2, and b3 are most likely due to the elec-
tronic transitions from the valence bands Vi, V,, V3 and V4 to
the conduction band C; in the Brillouin zone center. The
maxima localized in the high-energy region of the reflection
spectra a2, a3, a4, a5, b4, b5, b6 and b7 are most likely associat-
ed with the transitions from the upper valence bands Vi, V,, V3
and V4 to the conduction bands C3 and Cy4 also in k = 0. The
maxima of the reflection spectra in the high-energy range
(4-6 eV) are possibly from the valence band maxima in the Y
and S points of the Brillouin zone.

38
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Figure 8: The reflection spectra of the SbySejz crystals measured at
room temperature under E||c and E_Lc polarization conditions.

Conclusion

The ground and excited states of four excitonic series (A, B, C,
and D) formed in the bandgap minimum region were identified
based on the studies of the optical properties of the Sb,Ses
single crystals performed at different temperatures. Taking into

account the energy position of the excitonic ground and excited
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states, the binding energy of the excitons and the valence bands
V-V4 were determined. In the Brillouin zone I'-point, the
calculated electron effective mass m.* was 0.67mg, and the
values of the hole effective masses my*, myo*, my3* and myyq*
were 3.32myg, 3.83mg, 3.23mq and 3.32m, respectively. The
V-V, valence band splitting in the center of the Brillouin zone
by a crystal field (A = 13 meV) and the spin—orbit interaction
(Ago = 35 meV) were determined. The bands V3—V4 were split
by 191 meV. The observed features were discussed based on
the theoretical calculation of the energy band structures and the
excitonic band symmetries in the Brillouin zone center for crys-
tals with an orthorhombic symmetry (Pnma). The In—-Sb,Sej
structures were generated either by thermal sputtering under
vacuum or by electrochemical deposition. The photoconduc-
tivity spectra at different applied voltages were investigated.
The features associated with the excitonic states were shown in
the measured photoconductivity spectra.

Funding

The authors acknowledge the financial support from the
Ministry of Education, Culture and Research of Moldova under
the Grants #20.80009.5007.20.

ORCID® iDs

Nicolae N. Syrbu - https://orcid.org/0000-0001-9368-6096
Victor V. Zalamai - https://orcid.org/0000-0002-1882-2622

References

1. Zhou, Y.; Wang, L.; Chen, S.; Qin, S.; Liu, X.; Chen, J.; Xue, D.-J.;
Luo, M.; Cao, Y.; Cheng, Y.; Sargent, E. H.; Tang, J. Nat. Photonics
2015, 9, 409-415. doi:10.1038/nphoton.2015.78

2. Zeng, K.; Xue, D.-J.; Tang, J. Semicond. Sci. Technol. 2016, 31,
063001. doi:10.1088/0268-1242/31/6/063001

3. Wang, L.; Li, D.-B; Li, K.; Chen, C.; Deng, H.-X.; Gao, L.; Zhao, Y.;
Jiang, F.; Li, L.; Huang, F.; He, Y.; Song, H.; Niu, G.; Tang, J.
Nat. Energy 2017, 2, 17046. doi:10.1038/nenergy.2017.46

4. Chen, C.; Wang, L.; Gao, L.; Nam, D.; Li, D.; Li, K.; Zhao, Y.; Ge, C.;
Cheong, H.; Liu, H.; Song, H.; Tang, J. ACS Energy Lett. 2017, 2,
2125-2132. doi:10.1021/acsenergylett.7b00648

5. Messina, S.; Nair, M. T. S.; Nair, P. K. J. Electrochem. Soc. 2009, 156,
H327. doi:10.1149/1.3089358

6. El-Shair, H.; Ibrahim, A.; Abd El-Wahabb, E.; Afify, M.;
Abd El-Salam, F. Vacuum 1991, 42, 911-914.
doi:10.1016/0042-207x(91)90557-y

7. Zhou, Y.; Leng, M.; Xia, Z.; Zhong, J.; Song, H.; Liu, X.; Yang, B.;
Zhang, J.; Chen, J.; Zhou, K.; Han, J.; Cheng, Y.; Tang, J.
Adv. Energy Mater. 2014, 4, 1301846. doi:10.1002/aenm.201301846

8. Chen, C.; Li, W.; Zhou, Y.; Chen, C.; Luo, M.; Liu, X.; Zeng, K.;
Yang, B.; Zhang, C.; Han, J.; Tang, J. Appl. Phys. Lett. 2015, 107,
043905. doi:10.1063/1.4927741

9. Voutsas, G. P.; Papazoglou, A. G.; Rentzeperis, P. J.; Siapkas, D.
Z. Kristallogr. 1985, 171, 261-268. doi:10.1524/zkri.1985.171.3-4.261

10. Mueller, R.; Wood, C. J. Non-Cryst. Solids 1972, 7, 301-308.
doi:10.1016/0022-3093(72)90266-9

1052


https://orcid.org/0000-0001-9368-6096
https://orcid.org/0000-0002-1882-2622
https://doi.org/10.1038%2Fnphoton.2015.78
https://doi.org/10.1088%2F0268-1242%2F31%2F6%2F063001
https://doi.org/10.1038%2Fnenergy.2017.46
https://doi.org/10.1021%2Facsenergylett.7b00648
https://doi.org/10.1149%2F1.3089358
https://doi.org/10.1016%2F0042-207x%2891%2990557-y
https://doi.org/10.1002%2Faenm.201301846
https://doi.org/10.1063%2F1.4927741
https://doi.org/10.1524%2Fzkri.1985.171.3-4.261
https://doi.org/10.1016%2F0022-3093%2872%2990266-9

11.Ko, T.-Y.; Shellaiah, M.; Sun, K. W. Sci. Rep. 2016, 6, 35086.
doi:10.1038/srep35086

12.Fourspring, P. M.; DePoy, D. M.; Rahmlow, T. D., Jr.;
Lazo-Wasem, J. E.; Gratrix, E. J. Appl. Opt. 2006, 45, 1356—1358.
doi:10.1364/a0.45.001356

13. Arun, P.; Vedeshwar, A. G.; Mehra, N. C. J. Phys. D: Appl. Phys. 1999,
32, 183-190. doi:10.1088/0022-3727/32/3/001

14.Song, H.; Li, T.; Zhang, J.; Zhou, Y.; Luo, J.; Chen, C.; Yang, B,;
Ge, C.; Wu, Y.; Tang, J. Adv. Mater. (Weinheim, Ger.) 2017, 29,
1700441. doi:10.1002/adma.201700441

15. Kurumada, M.; Suzuki, H.; Kimura, Y.; Saito, Y.; Kaito, C.
J. Cryst. Growth 2003, 250, 444—449.
doi:10.1016/s0022-0248(02)02463-6

16. Gilbert, L. R.; Van Pelt, B.; Wood, C. J. Phys. Chem. Solids 1974, 35,
1629-1632. doi:10.1016/s0022-3697(74)80175-7

17.Kutasov, V. A. Shifting the maximum figure-of-merit of (Bi, Sb)2(Te,
Se)3 thermoelectrics to lower temperatures. Thermoelectrics
Handbook; CRC Press: Boca Raton, FL, USA, 2005; pp 18-37.

18.Liu, X.; Chen, J.; Luo, M.; Leng, M.; Xia, Z.; Zhou, Y.; Qin, S.;
Xue, D.-J.; Lv, L.; Huang, H.; Niu, D.; Tang, J.
ACS Appl. Mater. Interfaces 2014, 6, 10687—10695.
doi:10.1021/am502427s

19.Zhang, Y.; Li, G.; Zhang, B.; Zhang, L. Mater. Lett. 2004, 58,
2279-2282. doi:10.1016/j.matlet.2004.02.006

20.Kog, H.; Mamedov, A. M.; Deligoz, E.; Ozisik, H. Solid State Sci. 2012,
14, 1211-1220. doi:10.1016/j.solidstatesciences.2012.06.003

21. Cernoskova, E.; Todorov, R.; Cernosek, Z.; Holubova, J.; Benes, L.
J. Therm. Anal. Calorim. 2014, 118, 105-110.
doi:10.1007/s10973-014-4000-3

22.El-Sayad, E. A. J. Non-Cryst. Solids 2008, 354, 3806—3811.
doi:10.1016/j.jnoncrysol.2008.05.004

23.Vadapoo, R.; Krishnan, S.; Yilmaz, H.; Marin, C. Phys. Status Solidi B
2011, 248, 700-705. doi:10.1002/pssb.201046225

24.Beril, S. I.; Stamov, |. G.; Tiron, A. V.; Zalamai, V. V.; Syrbu, N. N.
Opt. Mater. 2020, 101, 109737. doi:10.1016/j.optmat.2020.109737

25.Green, M. A.; Emery, K.; Hishikawa, Y.; Warta, W.; Dunlop, E. D.;
Levi, D. H.; Ho-Baillie, A. W. Y. Prog. Photovoltaics 2017, 25, 3—13.
doi:10.1002/pip.2855

26.Syrbu, N. N.; Ursaki, V. V. Exciton polariton dispersion in multinary
compounds. In Exciton Quasiparticles: Theory, Dynamicsand
Applications; Bergin, R. M., Ed.; Nova Science Publishers Inc., 2010;
pp 1-130.

27.Kovalev, O. V. Irreducible and Induced Representations and
Corepresentations of Fedorov Groups; Nauka: Moscow, Russia, 1986.
(in Russian).

Beilstein J. Nanotechnol. 2020, 11, 1045-1053.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.11.89

1053


https://doi.org/10.1038%2Fsrep35086
https://doi.org/10.1364%2Fao.45.001356
https://doi.org/10.1088%2F0022-3727%2F32%2F3%2F001
https://doi.org/10.1002%2Fadma.201700441
https://doi.org/10.1016%2Fs0022-0248%2802%2902463-6
https://doi.org/10.1016%2Fs0022-3697%2874%2980175-7
https://doi.org/10.1021%2Fam502427s
https://doi.org/10.1016%2Fj.matlet.2004.02.006
https://doi.org/10.1016%2Fj.solidstatesciences.2012.06.003
https://doi.org/10.1007%2Fs10973-014-4000-3
https://doi.org/10.1016%2Fj.jnoncrysol.2008.05.004
https://doi.org/10.1002%2Fpssb.201046225
https://doi.org/10.1016%2Fj.optmat.2020.109737
https://doi.org/10.1002%2Fpip.2855
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.11.89

( J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Ultrasensitive detection of cadmium ions using a
microcantilever-based piezoresistive sensor for groundwater

Dinesh Rotake !, Anand Darji' and Nitin Kale?

Full Research Paper

Address:

1Department of Electronics Engineering, Sardar Vallabhbhai National
Institute of Technology, Surat, Gujarat, India and 2The Chief
Technology Officer, NanoSniff Technologies Pvt. Ltd., F-14, 1st Floor,
IITB Research Park, Old CSE Building, IIT Bombay, Powai, Mumbai —
76, India.

Email:
Dinesh Rotake” - dinesh.rotake@gmail.com

* Corresponding author

Keywords:

Beilstein J. Nanotechnol. 2020, 11, 1242—1253.
doi:10.3762/bjnano.11.108

Received: 04 April 2020
Accepted: 29 July 2020
Published: 18 August 2020

This article is part of the thematic issue "Functional nanostructures for
electronics, spintronics and sensors".

Guest Editor: A. S. Sidorenko

© 2020 Rotake et al.; licensee Beilstein-Institut.

BioMEMS; heavy metal ions (HMIs); limit of detection (LOD); License and terms: see end of document.

microcantilevers; microfluidics; micro-electromechanical systems
(MEMS); piezoresistive sensors; SAM (self-assembled monolayers);
World Health Organization (WHO)

Abstract

This paper proposes the selective and ultrasensitive detection of Cd(II) ions using a cysteamine-functionalized microcantilever-
based sensor with cross-linked pr-glyceraldehyde (DL-GC). The detection time for various laboratory-based techniques is general-
ly 12-24 hours. The experiments were performed to create self-assembled monolayers (SAMs) of cysteamine cross-linked with
pL-glyceraldehyde on the microcantilever surface to selectively capture the targeted Cd(II). The proposed portable microfluidic
platform is able to achieve the detection in 20-23 min with a limit of detection (LOD) of 0.56 ng (2.78 pM), which perfectly de-
scribes its excellent performance over other reported techniques. Many researchers used nanoparticle-based sensors for the detec-
tion of heavy metal ions, but daily increasing usage and commercialization of nanoparticles are rapidly expanding their deleterious
effect on human health and the environment. The proposed technique uses a blend of thin-film and microcantilever (micro-electro-
mechanical systems) technology, which mitigate the disadvantages of the nanoparticle approaches, for the selective detection of
Cd(I) with a LOD below the WHO limit of 3 pg/L.

Introduction

Water is fundamentally essential for sustaining life, and an  wide, and negligence to this may have a significant effect on
increase in the global population has led to an exponential maintaining the safety and security of human beings [2,3]. One
increase in waste disposal, which causes significantly increased = common water contamination is caused by cadmium ions.
requirements regarding the control of water quality [1]. Clean = There are numerous sources of Cd ions in groundwater, includ-

water is one of the main priorities of the 21st century world-  ing industrial wastewater, mining industry, fossil fuels, iron and
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steel industry, cement manufacturing units, electroplating
industry, manufacturing units of PVC, Ni—Cd batteries, fertil-
izers, pesticides, photovoltaic devices, soil, and sediments.
Cadmium is a highly toxic heavy metal ion (HMI). Cadmium
poisoning may cause fatigue, headaches, nausea, vomiting,
abdominal cramps, bone degeneration, diarrhea, osteoporosis,
renal dysfunction, cancer, anemia, and neurological disorders
such as Parkinson's disease or Alzheimer's disease [4,5]. The
WHO has set a water contamination limit of 3 ug/L Cd(I) [6].
We conclude from the WHO limit that cadmium is hazardous,
and smaller Cd concentrations below the limit is also hazardous.
Hence, it is essential to sense Cd(II) in the picomolar (pM)
range well below the specified WHO limit.

The ion-selective electrodes (ISEs) fabricated by [7] are stable
and precise for HMI detection, but the measurement requires by
laboratory equipment. Sensors based on nanotubes, nanorods,
nanoneedles, or nanoplates are also used to detect HMIs selec-
tively down to the nanomolar range [8-11]. Many authors used
adsorption methods to extract heavy metal ions from ground-
water [12-16]. However, this is only useful when a pollution
source has been already identified. Sensors based on lumines-
cence or fluorescence sensors have been used by many
researchers to selectively detect HMIs [17-22]. However, this
method also requires laboratory equipment for analysis and
detection. Also, most of the reported fluorescent probes reply
only on absorption and fluorescence change and need dynamic
acquisition [23]. A magnetic field powered pressure sensor pro-
posed by Khan et al. [24] is capable of measuring pressure in
the range of kilopascals but the suitability for the very low pres-
sure caused by HMIs needs to be examined. A reduced
graphene oxide (RGO)-based sensor and a microfluidic plat-
form fabricated by [25-27] can be used with some surface modi-
fication for HMISs, but it is mostly capable of detecting in the
micromolar range. A polymer-based microcantilever using an
encapsulated piezoresistor has been proposed by Kale et al.
[28], but it is not suitable for other high-temperature sputtering
processes. Microcantilevers based on SiO; have been manufac-
tured by Tang et al. [29] to enhance the sensitivity of cantilever
sensors. Many authors use optical setups for microcantilevers.
However, an optical output has several disadvantages during
operation in water when the refractive index of water changes
[30,31].

Many authors have proposed electrode-based approaches for the
selective sensing of Cd(II) [32], but the limits of detection were
always in the micromolar to nanomolar ranges. Some of the
authors used fluorescent [5,33] and calorimetric [34] ap-
proaches to selectively detect the Cd(II). But these approaches
required laboratory equipment for analysis and the LODs were

also in the nanomolar range. All these methods are reliable for
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the qualitative and quantitative determination of Cd(Il), but they
are time-consuming, expensive, and not suitable for on-site de-
termination. The calorimetric approach proposed by [34-37] is
free from these problems but not capable of differentiating be-
tween two nearby ranges and the LOD is also on the higher
side. The electrochemical sensor described in [38] is a good ap-
proach, but it also requires a lab instrument for measurement.

We have previously investigated SAMs of homocysteine
(HCys) and pyridinedicarboxylic acid (PDCA) for the selective
sensing of Hg(II) ions using a portable piezoresistive platform
[39,40]. Experimental results confirmed that proposed setup is
capable of sensing in the picomolar range. In this paper, we
have used the previously designed portable piezoresistive plat-
form for the selective capture Cd(II) in the picomolar range.
Preliminary results show that the fabricated device has an excel-
lent response within 20-23 minutes with 0.56 ng/mL (2.78 pM)
LOD, which is well below the WHO limit for cadmium ions.

The paper describes the methodology, the formation of SAMs
and their characterization using field-emission scanning elec-
tron microscopy (FESEM), the use of the portable experimental
platform with the MEMS-based piezoresistive device to selec-
tive capture Cd(Il) at the picomolar level and the verification of
the experimental results using energy-dispersive X-ray spectros-
copy (EDX).

Fabrication and Calibration of the
Piezoresistive Device

Previously, a polysilicon-based piezoresistive sensor was fabri-
cated using a standard microfabrication process. It was calibrat-
ed using atomic force microscopy (AFM) [40]. The process
begins with thermal oxidation of Si at 1000 °C using an oxida-
tion furnace to obtain a thermally grown SiO, layer followed by
masking and etching to get the desired pattern. The polysilicon
is deposited in a low-pressure chemical vapor deposition
(LPCVD) furnace at 630 °C and boron doping (108 per cm?) is
carried out using ion implantation at 35 keV. The upper SiO,
layer is formed by re-oxidizing the polysilicon in an oxidation
furnace [40]. The stiffness (k) of the fabricated piezoresistive
sensor measured using AFM is 131-146 mN/m, which is well
below the stiffness required for BloMEMS applications (1000
mN/m [41,42]). COMSOL 5.3 software is used to perform
design and simulation of the piezoresistive sensor to optimize
the dimensions for better stiffness and sensitivity [43]. The
fabricated piezoresistive sensor layer structure with thickness,
FESEM image, PCB, and the experimental platform is shown in
Figure 1.

For using the microcantilever device for selectively detecting

Cd(I) a surface modification is required. The surface modifica-
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Figure 1: Fabricated piezoresistive sensor and experimental platform for Cd(ll) detection.

tion of the sensor is basically a selective thiol coating on top of
a gold surface. Here, SAMs of cysteamine—glyceraldehyde
were created on top of microcantilever-based sensors with
integrated piezoresistive readout to get the change in resistance
due to changes in surface stress. Until now, many people
have used lab-based optical setups to measure the change in
surface stress of the cantilever sensors. Moreover, the proposed
piezoresistive device has capabilities to directly capture
the surface stress make this a better option for HMI applica-
tions.

Microfluidic Platform with Piezosensor

In the proposed method, the benefits of three different technolo-
gies are combined, namely thin film, nanoparticles (NPs), and
MEMS, to selectively target Cd(II) in the picomolar range.
Also, excessive commercialization of nanoparticles leads to in-
creasing their harmful effect on life and the environment by
[44-46]. In this article, an attempt is made to expand the AuNP-

based technology proposed by [34] for the ultrasensitive sensing
of Cd(II) with cysteamine-functionalized pL-glyceraldehyde
(Cys-DL-GC) using the advanced MEMS-based piezoresistive
platform. The MEMS-based sensor has very high sensitivity
compared to any other technique. The complete process flow
and the sensing scheme for the piezoresistive microcantilever-
based biosensor is shown in Figure 2.

Here, the fabricated microfluidic platform with a microcan-
tilever-based piezoresistive sensor is used to capture Cd(Il) in
the picomolar range. The amine group (-NH,) of cysteamine
has an affinity to all types of HMIs and it needs to be cross-
linked for selectivity. We have cross-linked the amine group
with pL-glyceraldehyde at pH 7 to obtain a free —OH group (a
Lewis acid) for capturing Cd(II). The pKa value of 12.6 of
pL-glyceraldehyde yield a strong copmplex of the —OH group
with cadmium [34] after blocking the —-NH, group of
cysteamine.
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Figure 2: Process flow of biosensor for selective detection of Cd(ll) ions.

Results and Discussion

The performance of the fabricated device in the selective detec-
tion of Cd(II) in a microfluidic environment is evaluated using
the OmniCant setup shown in Figure 1d. The non-stress cali-
brated resistance values of the piezoresistive sensor using
SAMs of cysteamine cross-linked with pL-glyceraldehyde (Cys-
DL-GC) is in the range of 56268-63813 Q. The non-stress
resistance values of the fabricated piezoresistive die in the
OmniCant microfluidic platform are shown in Figure 3. The
microcantilever in channel 2 was blocked with acetyl chloride
and selected as a reference for the Cys-DL-GC experiments.
The values shows that the microcantilevers in channels 1 and 8
broke during the wire bonding and are not present in the analy-
sis. The piezoresistive MEMS devices exhibit a fast response to
changes in the resistance depending on the additional mass of
Cd(II) loaded on the surface.

Results of the SAM detecting cadmium ions
The proposed microfluidic platform provides real-time monitor-

ing of Cd(II) in groundwater. We performed the experiment

| OmniCant:Liquid Phase Analysis

Calibrated Values:-

Channel 2 - 61277.7 ohms
Channel 3 - 62699.9 ohms
Channel 4 -63813.2 ohms
Channel 5 - 56268.2 ohms
Channel 6 - 57429.0 ohms
Channel 7 - 61140.7 ohms

Figure 3: Non-stress calibrated values for used piezoresistive die.

using the coating of cysteamine thiol with cross-linked pr-glyc-
eraldehyde (Cys-DL-GC). We have already discussed that the
methods based on Au/Ag nanoparticles require the laboratory
equipment such as fluorescence spectroscopy, which ultimately
leads to a non-portable platform. Hence, our primary focus is
the selective detection of the Cd(II) using the fabricated

portable experimental platform.
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We used the following experimental procedure. A stock solu-
tion of cysteamine ([Cys] = 10 mM/10 mL) was prepared. The
piezoresistive devices were gently dipped into a petri-dish con-
taining cysteamine thiol for at least 12-24 hours. Longer times
yield a better packing density of the SAM. In addition, a 2%
(0.2 g/10 mL) solution of pL-glyceraldehyde (DL-GC) in phos-
phate buffer saline (PBS, pH 7) according to [34] was prepared.
The cysteamine SAM was allowed to cross-link with the
pL-glyceraldehyde solution for at least 2-3 hours by covering
the container using silver foil. Stock solutions of 1 mM/10 mL
of different salts (AlCl3, MnCl,, CrClsz, HgCl,, PbCl,, CdCl,)
were used for the experiments. The flow rate was kept constant
at 30 uL/min during the experiments. Before the measurement,
DI water was used to stabilize the microcantilever in a liquid
environment for a period of 7 min. Subsequently, the different
heavy metal ion solutions were injected separately and the cor-
responding change in piezoresistance was measured. The Cd(II)
solution was injected and the corresponding change in piezore-
sistance was measured.

The change in piezoresistance (AR) is calculated using a

formula:

AR = [ARgjock = ARUnblock |- (1)

where ARpjock 1S the change in piezoresistance of the microcan-
tilever blocked with acetyl chloride and ARyppiock 1S the change
in piezoresistance of the unblocked microcantilever. The change
in piezoresistance of unblocked microcantilever compared to
that of the blocked microcantilever of acetyl chloride (channel

2) is shown in Figure 4.

Initially, we used DI water to stabilize the microcantilever for a
period of 7 min. The change of piezoresistance remained con-
stant during this period. When the different heavy metal ion
solutions (except Cd(Il)) were injected after 7 min, the change
in piezoresistance was minimal (5-30 €). When cadmium ions
were injected after 7 min, the change in piezoresistance was
around 200-300 € for each microcantilever. These results show
the selectivity of the proposed method for Cd(II) with respect to
other HMIs. It is also evident that the microcantilever in
channel 5 (Figure 4c) shows a non-linear response. The ratio-
nale behind this is that no binding sites are available for
cadmium ions on the microcantilever surface. Two microcan-
tilevers exhibit a decrease in resistance because of tensile stress
due to a small number of biomolecules (Cd(II)) binding to the
surface (Figure 4b,d), while the other three microcantilevers ex-
hibit an increase in the resistance because of compressive sur-
face stress when a large number of biomolecules bind to the

microcantilever surface (Figure 4a,c,e) [47].
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Figure 5 demonstrates the average change in piezoresistance of
a sensor based on Au-Cys-DL-GC-coated cantilevers for
different heavy metals (AlCl3, MnCl,, CrClz, HgCl,, PbCl,,
CdCly).

The average value of change in piezoresistance is the differ-
ence between the average change in piezoresistance for DI
water and the particular heavy metal injected. Our results show
that the SAM of cysteamine with cross-linked pr-glyceralde-
hyde(Cys-DL-GC) has a higher selectivity for Cd(II) than for
other heavy metals. The average value of change in piezoresis-
tance of the Au-Cys-DL-GC-coated microcantilevers is approx-
imately 130-240 Q for Cd(II) and 5-30 Q for the other injected
heavy metals. The total value of the average change in piezore-
sistance for a concentration of 0.56 ng Cd(Il) is 877.72 Q.

Characterization using Fourier-transform
infrared spectroscopy (FTIR)

FTIR is a mature technique for elemental analysis and the iden-
tification of functional groups. The FTIR results show —OH
stretching in the range of 2900-3750 cm™! and N-H bending
(1350-1750 Cm_l) [48-51]. The FTIR analysis of a Cd(II)/DL-
GC/Cys/Au/Cr coating is shown in Figure 6.

The FTIR results of the Cys/Au/Cr coating show a single band
at 3367 cm™! associated to the —OH group and three bands at
1420, 1651, and 1732 cm™! associated to the -NH, group. After
coating with pL-glyceraldehyde (DL-GC/Cys/Au/Cr), the FTIR
spectra show four bands at 1320, 1473, 1571, and 1647 cm™!
associated to the -NH, group and two bands at 2922 and
3311 em™! associated to the —OH group. After exposure to
Cd(II) two bands related to —OH disappear and only single band
at 3500 cm™! is present due Cd(II) binding to the —OH groups.
Similarly, for —-NH, group), three bands disappear, and only
single modified band is present at 1583 cm~! due Cd(II)
binding. This modification of the FTIR spectra after exposure to
Cd(II) indicates the selective binding of cysteamine cross-
linked pr-glyceraldehyde (Cys-DL-GC) to cadmium.

Verification of performed experiment results
using EDX

In general, the thiol groups can bind to all types of HMIs. Thus,
to selectively bind and detect Cd(II) the thiols goups need to be
modified or functionalized with materials that are selective for
Cd(II). The experimental results show that the fabricated
MEMS-based sensor is capable of selective Cd(II) detection
using SAMs of cysteamine with cross-linked pL-glyceralde-
hyde (Cys-DL-GC). To characterize the SAM on the microcan-
tilever device only a few analytical techniques are available
because of the fragile nature of the cantilever. FESEM/EDX is

the preeminent tool to characterize the SAM on the top of the
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Figure 4: The change in piezoresistance of the unblocked cantilevers with respect to the cantilever blocked with acetyl chloride(channel 2): (a) Cys-
DL-GC (channel 3), (b) Cys-DL-GC (channel 4), (c) Cys-DL-GC (channel 5), (d) Cys-DL-GC (channel 6) and (e) Cys-DL-GC (channel 7).

cantilever without damaging the device. The EDX measure-

ment of the sensor with a SAM of cysteamine cross-linked

pL-glyceraldehyde (Cys-DL-GC) on top of a Au surface is

shown in Figure 7.

The EDX measurement shows that no cadmium ions are
detected before exposure to CdCl,. The EDX measurement of
the microcantilever-based MEMS sensor with SAM of
cysteamine cross-linked pr-glyceraldehyde (Cys-DL-GC) on
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Figure 5: The average change in piezoresistance of microcantilevers: a) Au-Cys-DL-GC(3), b) Au-Cys-DL-GC(4), c) Au-Cys-DL-GC(5), d) Au-Cys-

DL-GC(6) and €) Au-Cys-DL-GC(7).

top of a Au surface after exposure to CdCl, is shown in
Figure 8. The table with the mass percentages (Figure 8b)
explicitly shows the presence of Cd(Il), and the percentage

number of molecules captured in that scan region.

Table 1 presents a comparative analysis of different techniques
to selectively capture Cd(Il) in the picomolar range. We found
that the fabricated piezoresistive sensor needs 20-23 min for

selectively capturing Cd(II). At a flow of 30 pL/min, the total
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injected volume is 0.69 mL for a maximum of 23 min.
Therefore, the corresponding mass of AlCl3, MnCl,, CrCls,
CdCl,, PbCl,, and HgCl, is 0.67 ng, 0.55 ng, 0.74 ng, 0.56 ng,
0.77 ng, and 0.75 ng, respectively (refer to [40,52] for LOD
calculation).

From the comparison in Table 1, it is clear that the proposed
microfluidic platform has the ability to selectively capture
Cd(II) at amounts as small as 2.78 pM/mL (LOD) and outper-
forms other approaches, which require sophisticated measuring
instruments. The methods proposed by [4,62,63,65] have out-
standing potential for a picomolar range of detection but require
costly, sophisticated analytical tools [62,63,65]. The method
proposed by [66] has excellent detection in the picomolar range
but authors have not studied the sensor response with respect to
time, necessary for real-time sensing. Many authors have used
colorimetric or fluorescence techniques for selective HMI

N Ka1_2

Element Weight% Atomic% b

CK 14.98 54.68 ( )

NK 6.00 18.79

OK 3.55 9.73

AuM 75.47 16.80

Totals 100.00
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Figure 7: EDX measurement of a SAM of cysteamine (Cys)-cross-linked pL-glyceraldehyde (Cys-DL-GC). (a) Scan area for analysis, (b) table with
detected elements, (c—f) color mappings of detected elements, (g) EDX spectrum.
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oK 36.12 39.12

SiK 23.71 14.63

cK 0.43 0.21 Si Ka1 Cl Ka1
| cdL 0.64 0.10 |

AuM 7.21 0.63

Po M -0.05 0.00

Totals

Sum Spectrum

0 0§ 1 15
Full Scale 5219 cts Cursor: 0.000

Figure 8: EDX measurement of a SAM of cysteamine (Cys)-cross-linked pL-glyceraldehyde (Cys-DL-GC) after exposure to Cd(ll). (a) Scan area for
analysis, (b) table with detected elements, (c) EDX spectrum, and (d—i) color mappings of detected elements.

detection but they are highly sensitive to variation of pH values  cles, quickly expanding their harmful effect on life and environ-
[67]. In a colorimetric sensor, the concentration variation is  ment, as discussed earlier.

shown by different shades of color and it is challenging to

exactly identify the shades for the different ranges of concentra- Conclusion

tions. Both the colorimetric and the fluorescence techniques use ~ The proposed microcantilever-based device was tested in a

NPs and lead to an excessive commercialization of nanoparti-  microfluidic setup for the selective detection of cadmium and
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Table 1: Comparison of different methods for cadmium detection.

reference Analyte (HMI) Limit of detection

Method used

(LOD)
[4] Cd(ll) 100 pM microstructured/optical fiber
[5] Cd(lly 0.5nM ratiometric fluorescence
[32] Cd(lly 1 uM carbon paste electrode
[33] Cd(lly 2.15nM fluorescent aptamer probe
[34] Cd(ll) 21 nM AuNP based probes
[35] Cd(lly 10 pM AuNP based electrode
[38] Cd(lly 1.33 nM polymeric-NPs/sol—gel
[53] Cd(lly 800 uM LSPR technique
[54] Cd(lly 2.26 nM AlGaN/GaN HEMT
[55] Cd(lly 65 uM gold nanoclusters/graphene
[56] Cd(lly 1 uM gold bioluminescent
[57] Cd(lly 1.062 pM FRET probe-ZnS QD
[58] Cd(lly 5.56 nM AuNPs-based
[59] Cd(lly 18.5 uM fluorometric chemosensor
[60] Cd(ll), Pb(ll)  2.23 nM carbon stencil printed electrode
[61] Cd(ll) 4.95 yM silver nanoparticles (AgNPs)
[62] Cd(ll), Hg(ll) ~ 10-100 pM electrochemical sensors
[63] Cd(ll), Pb(ll)  49.67 pM cantilever nanobiosensor
[64] Cd(ll) 1 nM antibody-modified

microcantilever

[65] Pb(ll), Cd(ll)  1.72—1.58 pM electrochemical sensor
[66] Cd(ll) 0.3 pM electrochemical biosensor
this work  Cd(ll) 2.78 pM piezoresistive sensor

Beilstein J. Nanotechnol. 2020, 11, 1242—1253.

Detection technique

fluorescence/absorption spectra

UV-vis spectroscopy/fluorescence spectra
XRF/XRD/anodic stripping voltammetry
F-4500/UV-2450 spectrophotometer
colorimetric/FT-IR/DLS
colorimetric/UV-vis spectroscopy

anodic stripping voltammetry (ASV)/FTIR
optical fiber setup

high electron mobility transistor (HEMT)
fluorescent probe/UV—-vis spectroscopy
fluorescent/microalgae-based
FTIR/UV-vis/DLS/TEM/(Lab based)
colorimetric system/UV—vis spectra/TEM
colorimetric/UV-vis/fluorescent spectra
Raman scattering

UV-vis/FTIR/TEM

PGSTAT potentiostat

atomic force microscope (AFM) setup
atomic force microscope (AFM) setup

stripping voltammetry (SWASV)
AUTOLAB PGSTAT 30
portable setup (real-time analysis)

was found to achieve sensing in 20-23 min. The 0.56 ng/mL
(2.78 pM) limit of detection is possible with a SAM of
cysteamine cross-linked pL-glyceraldehyde (Cys-DL-GC). The
average value of change in piezoresistance of the Au-Cys-DL-
GC-coated microcantilever is approximately 130-240 Q for
cadmium ions and 5-30 Q range for other injected HMIs. The
total value of average change in piezoresistance for the concen-
tration of 0.56 ng/mL for Cd(II) is 877.72 Q. The most signifi-
cant feature of this approach is the need for a sample volume of
one milliliter. It is also evident from EDX spectra that no other
HMIs except Cd(II) have been found. This EDX finding shows
that the fabricated microcantilever-based piezoresistive sensor
does not have cross selectivity. In conclusion, this approach
could serve as a portable framework for on-site, ultrasensitive,
and selective Cd(II) detection in the picomolar range.
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Abstract

We have investigated the structural, magnetic and superconduction properties of [Nb(1.5 nm)/Fe(x)];( superlattices deposited on a
thick Nb(50 nm) layer. Our investigation showed that the Nb(50 nm) layer grows epitaxially at 800 °C on the Al,O3(1-102) sub-
strate. Samples grown at this condition possess a high residual resistivity ratio of 15-20. By using neutron reflectometry we show
that Fe/Nb superlattices with x < 4 nm form a depth-modulated FeNb alloy with concentration of iron varying between 60% and
90%. This alloy has weak ferromagnetic properties. The proximity of this weak ferromagnetic layer to a thick superconductor leads
to an intermediate phase that is characterized by a suppressed but still finite resistance of structure in a temperature interval of about
1 K below the superconducting transition of thick Nb. By increasing the thickness of the Fe layer to x = 4 nm the intermediate phase

disappears. We attribute the intermediate state to proximity induced non-homogeneous superconductivity in the structure.

Introduction
Superconductor(S)/ferromagnet(F) heterostructures are inten- ena such as the appearance of non-uniform superconducting
sively studied systems, which are interesting for fundamental states (see reviews [1-3]). Among these phenomena are

physics due to a big number of predicted and detected phenom-  7—Josephson junctions [4-7] with a m-phase difference of super-
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conducting correlations between two neighboring interfaces,
long-range triplet superconductivity [8-16] generated in S/F
systems with a non-collinear (NC) magnetic configuration of
the F system, and re-entrant superconductivity as evidence of
nonuniform LOFF-states [17-20]. Apart from the interest in
basic science, the proximity effect in S/F structures has great
technological importance for the creation of spintronics devices,
where the transport properties of the structure are controlled via
the manipulation of the magnetic order in the F subsystem [21-
26].

One possible way to exert such a control is via interaction of
superconductivity and interlayer exchange coupling (IEC) of F
layers through a normal metal (NM) spacer. The IEC in a F/N/F
system can be tuned by varying the thickness of the N spacer to
organize antiparallel (AP), parallel (P) or non-collinearly
aligned F layers [27]. Also, the presence of superconducting
correlations in the same F/N/F system would favor AP align-
ment for singlet pairing or a NC configuration to generate a
long-range triplet condensate. To the best of our knowledge the
interaction of singlet superconductivity and exchange coupling
was first considered theoretically in [28,29] and different mag-
netic re-ordering processes, such as the transition from parallel
to antiparallel alignment [29] or the suppression of RKKY
interaction below T were calculated [28]. Experimentally the
interaction of exchange coupling can be studied by integral
magnetometric methods such as SQUID magnetometry [30] or
depth-resolved techniques such as polarized neutron reflectom-
etry (PNR) [31].

One potentially interesting system for studying the interaction
between superconductivity and IEC is the Fe/Nb system. Prox-
imity effects in Fe/Nb systems were extensively studied before
[32-36]. The antiferromagnetic coupling of Fe layers through a
Nb(y) spacer withy = (1.3 + 0.9 X n) nm (n = 0, 1, 2) was found
in [37,38] by means of PNR. In the following work of the same
group [39] the modification of IEC by hydrogen uptake was re-
ported. An advantage of niobium as N spacer is that it is the
superconducting material with the highest bulk 7¢c = 9.3 K
among all elemental superconductors. However, the thickest Nb
spacer layer where AP alignment is still possible, y = 3 nm,
is still two times smaller than the minimum thickness
d§" ~ 6-8 nm of thin Nb films in which superconductivity
appears [19,20]. In order to provide superconducting correla-
tions in a Fe/Nb superlattice (SL) we propose to deposit the
Fe/Nb SL on top of a thick Nb(40-50 nm) layer. This thick
superconducting layer will act as a reservoir of supercon-
ducting pairs, which will be transferred to the SL using the
proximity effect. The aim of this work is the study of structural,
magnetic and superconducting properties of such S/F hetero-

structures.
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Experimental

Growth conditions and techniques

Samples of the nominal structure Pt(3 nm)/[Nb(1.5 nm)/
Fe(x)]10/Nb(50 nm) were prepared on Al,O3(1102) substrates
using a DCA M600 MBE system with a base pressure of
10710 mbar. Before deposition, the substrates were cleaned
from organic contaminations with ethanol and isopropanol ex
situ and heated at 1000 °C in ultra high vacuum for 2-3 h. A
50 nm thick Nb layer was deposited at a typical rate of 0.6 A/s
and a substrate temperature of T, = 800 °C for samples s1 to
s5 and at T\, = 33 °C for sample s6. Subsequently, the sub-
strate temperature was decreased to Tsp. = 30-100 °C (see
below Table 1) and a periodic structure [Nb(1.5 nm)/Fe(x)]o
was deposited starting with the iron layer. The growth rates for
both elements in the periodic structure were about 0.1 A/s. On
top, a 3 nm Pt cap layer was grown at about 0.3 A/s at room
temperature to protect the sample against oxidation. Fe was
deposited by thermal evaporation from an effusion cell while
Nb and Pt were grown by electron beam evaporation. Reflec-
tion high-energy electron diffraction (RHEED) was measured in
situ during deposition to trace the structure of the atomic layer
being deposited. For the RHEED experiment, an electron beam
of 15 keV energy was directed along the [202 1] azimuth of the
sapphire substrate.

In order to check the crystal structure and the quality of the
epitaxial growth, X-ray diffraction measurements were per-
formed using a 020 diffractometer. The diffractometer oper-
ates at the wavelength of A = 1.54 A and is equipped with a
DECTRIS line detector, which allows for simultaneous mea-
surement of both specular and off-specular reflections.

The polarized neutron reflectometry (PNR) experiments were
conducted on the angle-dispersive reflectometer NREX
(A = 4.28 A) at the research reactor FRM-II (Garching,
Germany). During the experiments we applied a magnetic field
in-plane and normal to the sample plane. Data were fitted to
models using the exact solutions of the Schrédinger equation as

described in our prior works [13,40,41].

For the transport experiment we used the device depicted in
Figure 1b. The device consists of four metallic springs touching
the surface of the sample. The tension of the springs is suffi-
ciently high to ensure good contact with the sample surface and
to measure the resistivity using a standard four-point contact
method. The setup is designed to enable simultaneous PNR and
transport experiments, though in this work we used it ex situ.
For the measurements we used an ac current with an amplitude
of 100-200 pA. In the experiment we measured the resistance
of the samples R as a function of the temperature 7 and the

magnetic field H, which was applied parallel to the sample sur-
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Figure 1: (a) Sketch of the experiment for structure and reflectometric measurements and (b) setup for the transport measurements. Black arrows

show the direction of the neutron beam.

face. Before every H scan we waited 10-15 min to stabilize the
temperature. From the transport measurements we derived the
residual resistivity ratio RRR = R (300K)/R (10K), the super-
conducting transition temperature 7¢ and its width ATc. The
latter two parameters were defined as the center and the width

of derivative dR /dT, respectively.

Reflectometry data analysis

To study the quality of layers and interfaces in a layered struc-
ture reflectometry techniques (X-ray or neutron) can be used.
Using these methods, a reflectivity curve R(Q) is measured as a
function of momentum transfer Q = 4msin(0)/A. In the kinemat-
ical approximation the reflectivity is proportional to the square
of the Fourier transform of dp(z)/dz, where p(z) is the depth
profile of the scattering length density (SLD). The SLD is
defined as the product of the averaged scattering length b and
the density N. For a periodic structure with period D repeated n
times one can write a simple expression for the reflectivity [42]:

R(0)=|L,(0.D)F(0.p) . M

where L,(Q.D) =(1 — eM2D)/(1 - @Dy is the Laue function and
F(Q,p) is the structure factor of the unit cell. The latter can be
written for a Fe(x)/Nb(y) periodic bilayer as

AnAp :
F(Q.p) =—gzpe’Q" (l—e’Qy), )

where Ap = (pre — PNp) 1S the contrast between the SLDs of Fe
and Nb. Thus, from Equation 1 and Equation 2 it follows that
reflectometry measures the contrast between SLDs of neigh-
boring layers. Using Equation 1 and Equation 2 we can write
for the reflectivity R; at the first Bragg peak Q| = 2n/D:

2
pp-YROT ®

8mn

Thus, the Bragg analysis allows us to determine the contrast be-
tween the SLDs of Fe and Nb. Interdiffusion will lead to
suppression of the contrast and, hence, of R|. Assuming that the
packing density N, is the same for both layers, we may esti-
mate the concentration of Fe in the Fe Nb;_. alloy as

b —
o= 2O @

bFe _bNb ’

where b = p/N,y is the averaged coherent scattering length of
the corresponding layer, and bg. and by, are the coherent scat-
tering lengths of Fe and Nb. The X-ray SLDs of Fe and Nb
differ only by a few percent, which makes the X-ray contrast
very small even without interdiffusion. For neutrons, in
contrast, the SLDs of Fe and Nb, ppe = 8 x 107 nm™2 and
pPNb = 3.9 X 1074 nm_2, differ by a factor of two, which makes
neutron reflectometry a better choice to study diffusion in peri-

odic Fe/Nb structures. Another advantage of neutron reflectom-
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etry is its sensitivity to the magnetic depth profile. The total
SLD for spin-up(+) and spin-down(—) neutrons can be written
as p=(z) = pp(z) = pm(z), where pg and py, are the nuclear and
magnetic SLDs. The latter is proportional to the magnetization
of a layer. Thus in addition to the chemical we can study mag-
netic depth profiles using PNR.

Results

Structural study

Growth analysis with RHEED

The RHEED pattern of the Al,04(1102) substrate (Figure 2a)
reveals a crystalline structure with Laue rings and Kikuchi lines
indicating a smooth and ordered surface. Nb deposition at
800 °C results in a streaky pattern and a Laue ring (Figure 2c)
revealing epitaxial growth in agreement with previous results
[43-46]. In particular, the epitaxial Nb growth of (100) orienta-
tion on Al,O3(1102) substrates was reported in [46]. The pecu-
liarity of this growth, also seen in our samples, is an angle of
approx. 3° between the above mentioned planes of Nb and
Al,03(1102). At Txp = 30 °C a transmission pattern (i.e., a
regular arrangement of spots) and rings are visible in the
RHEED pattern of the Nb layer, which indicate island growth
and polycrystallinity (Figure 2d).

(a) Alo03 (b) Pt cap layer

(c) 25nm Nb grown at 800°C  (d) 25nm Nb grown at 30°C

(e) 6th Nb layer (f) 6th Fe layer

Figure 2: RHEED patterns of (a) the Al,O3(1 TOZ) substrate, (b) the Pt
cap layer, and the Nb buffer layer grown at (c) 800 °C and (d) 30 °C.
(e, f) Growth stages of sample s6: (e) the 6th Fe layer, (f) the 6th Nb
layer.

Beilstein J. Nanotechnol. 2020, 11, 1254-1263.

Subsequently, the Fe/Nb multilayers were grown on the 800 °C
Nb buffer. The corresponding RHEED patterns exhibit amor-
phous growth, i.e., blurred screens (not shown). Increasing the
Fe film thickness from 2 to 4 nm improves the film quality. The
Fe layer becomes polycrystalline while the Nb layer remains
amorphous. In contrast, for sample s6, which was grown on the
30 °C Nb buffer, both layers reveal polycrystallinity with a
certain texture (Figure 2e,f). Finally, the Pt cap is always poly-
crystalline (Figure 2b).

X-ray diffraction

Figure 3a shows the diffraction pattern measured on sample s3.
Together with two reflections from the substrate we observed a
Nb(200) peak at 26 = 55°with mosaicity of the same order as
the substrate peak. In agreement with the observation by
RHEED (Figure 4b) we observed that the Nb(200) peak is tilted
off-specular by a few degrees, which is a well-known feature of
Nb growth on Al,O3(1 TOZ) substrates [45,46]. Similar patterns
were measured for all samples, except for sample s6, which was

6, (°)

0, ()

6, ()

Figure 3: X-ray diffraction patterns of (a) sample s3 and (b) sample s6.
Dashed tilted lines show the direction of specular reflection. The color
bars show the logarithmic intensity scale.
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grown at room temperature. For this sample we measured a
typical polycrystalline pattern with coexisting Nb(100) and
Nb(110) phases (Figure 3b).

Magnetic properties

SQUID measurements

Figure 4a shows hysteresis loops measured on sample s3 at
T =300 K and T = 13 K. At room temperature the sample satu-
rates to a magnetic moment mg,, = 12 yemu above a saturation
field of only Hgy = 50 Oe. At 13 K the saturation moment in-
creases to mgy = 40 pemu and a field above Hgy = 2 kOe is
needed to saturate the magnetic moment of the sample. The
temperature dependence of the magnetic moment at H = 250 Oe
(Figure 4b) shows that the moment is constant down to
T =~ 100 K, and grows upon further cooling to 7 = 8.2 K. Below
this temperature a decrease of the magnetic moment due to the
Meissner effect is observed.

Polarized neutron reflectometry

Figure 5a shows reflectivity curves measured on sample s3 at a
temperature of 7 = 13 K in a magnetic field of H = 4.5 kOe.
The curves are characterized by the total external reflection
plateau, interference oscillations and the first Bragg peak
at Q; ~ 2.1 nm~!. The intensity of the Bragg peak
R(01) = R; =~ 4 x 1073 is one order of magnitude lower than
calculated for the nominal SLDs, indicating high interdiffusion
of Fe and Nb. Despite this high interdiffusion we observed a
statistically significant difference of Bragg intensities for spin-
up and spin-down neutrons (see inset in Figure 5a), which sug-
gests the presence of magnetism in the periodic structure. A
similar picture was also observed for the samples sl and s2,
which shows that the interdiffusion does not depend strongly
on the deposition temperature Tsy. We fitted experimental

curves to models with varying SLD, thickness, and rms

40 ]
— |
(a)
5 20+ 1
2 ]
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=
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(0]
£ I
£ 204 7T=300K _
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/
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roughness of all layers and varying magnetization of the Fe
layer. The resulting depth profiles py(z) and M(z) are shown in
Figure 5b. According to our model the SLD in the center of
the Fe and Nb layers is ppe = 6.0(2) x 10™% nm~2 and
PNb = 5.0(2) x 107* nm™2, respectively. Using Equation 4 for
N,y = (Nge + NNp)/2 we can estimate the concentration of iron
atoms in the nominal Fe and Nb layers as ¢ = 90% and ¢ = 60%,
respectively. In this estimation we used the bulk densities
Nge = 0.085 A3, Nnp = 0.06 A3 and the scattering lengths
bge = 9.45 fm and byp = 7.05 fm.

Samples s4 to s6 were measured at room temperature at
H = 4.5 kOe and analyzed in the same way. The resulting SLDs
and magnetization values are shown below in Table 1. All sam-
ples except s4 show strong intermixing of Fe and Nb atoms,
which resulted in a suppressed magnetization of the order of
10% of the bulk value. For sample s4 with Fe(4 nm) we ob-
served a much stronger Bragg peak with significantly stronger
difference of spin-up and spin-down channels (Figure 5c). The
fit shows (Figure 5d) that these reflectivities correspond to

much higher nuclear and magnetic contrast.

Since the thickness of our Nb spacer, 1.3 nm, is close to the
thickness at which antiferromagnetic coupling was observed in
[37-39] we thoroughly searched for antiferromagnetic coupling
in our structures. We remind that such a coupling will lead to
the doubling of the magnetic period comparing to the chemical
one and, hence, the appearance of Bragg peaks on positions
Oar = 1/2 Q,,, where n is the order of the structural Bragg peak.
In addition to the high-field measurements we performed PNR
measurements at a low magnetic field of H =5 Oe. None of our
measurements revealed the appearance of additional peaks. An
example is given in Figure Sc for sample s4 measured at room

temperature in H = 5 Oe.

251

N
o
1

-
(é)]
1

moment (pemu)

-
o
1

100 150 200 250 300
Temperature (K)

0 50

Figure 4: SQUID data of the s3 sample. (a) Hysteresis loop measured at T = 300 K (red) and T = 13 K (black). (b) Temperature dependence of the
magnetic moment measured at H = 250 Oe. The inset shows the data in the vicinity of the superconducting transition.
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Figure 5: (a) Experimental (dots) and model (lines) reflectivity curves measured on sample s3 at T = 13 K and H = 4.5 kOe. (b) The depth profiles of
SLD and magnetization for the same sample. (c) Reflectivity curves for sample s4 measured at T = 300 K and H = 5 Oe. (d) Corresponding depth

profile of SLD and magnetization for sample s4.

Transport measurements

The inset of Figure 6a shows the resistance R (T) of samples s3
and s6 measured during cooling from room temperature to 10 K
in magnetic field of H = 4.5 kOe. For s3 we measured
RRR = 18.6, a value which is typical for MBE-prepared S/F
structures in the epitaxial regime of growth [47,48]. Similar
values of RRR from 16 to 20 were obtained for all samples
except RRR = 3.4 for s6, which was deposited at room tempera-
ture and has polycrystalline quality (see below Table 1).

Figure 6a shows the R (T) curves for the s3 and s4 measured in
zero magnetic field in the vicinity of the superconducting transi-
tion. For sample s3 we observed a 40% drop of resistance below
T.1 = 8.9 K. A similar drop was observed for all samples,
except for s4, for which the initial drop was only 3%. Finally,
below T, =~ 8 K the resistance falls to zero (down to the accu-
racy of the setup-related background resistance of 5 mQ) for all

samples, evidencing the superconducting transition. The second

transition coincides with the transition seen by SQUID (inset in
Figure 4b).

Figure 6b shows the R (H,T) phase diagram for sample s3. The
superconducting transition can be well described by the expres-
sion T,o(H) = T,»(0) [1 — (H/H(0))?] with H,(0) = 12 kOe.
This expression can be re-written in the well known form for
2D superconductors: H,(T)=H,,(0)\/1-T/T.,(0). From
H_»(0) we can estimate the superconducting correlation length
&s = 12 nm. We note that 2D superconductivity was reported
earlier for various structures with Nb layer thicknesses of
100 nm or less [5,33,35,36,41].

Discussion

In this work we studied the structural, magnetic and supercon-
duction properties of [Fe(x)/Nb(1.5 nm)];( superlattices on top
of a thick Nb(50 nm) layer. The main characteristics are sum-

marized in Table 1. Our investigation has shown that the Nb
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(b)
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Figure 6: (a) R(T) for the samples s4 (black) and s3 (red) in the vicinity of the superconducting transition measured in zero magnetic field. The inset
shows the resistance of samples s3 and s6 between room temperature and 10 K in H = 4.5 kOe. (b) The H-T dependence of resistance of the sam-
ple s3. The color bar depicts resistance in ohms. The bottom dashed line show the dependence Teo(H) = T¢2(0) [1 — (H/Hc2(0))3] with

Hc2(0) = 12 kOe. The upper dashed line is shifted 0.9 K up from the bottom one to show borders of the intermediate state.

Table 1: Main characteristics of the prepared samples. Here x is the thickness of the Fe layers, the column “XRD” gives the corresponding Miller
indices of the peaks observed in the experiment, Ty, and Tgi are the temperatures of deposition of the thick Nb layer and the periodic structure, re-
spectively, pre and pnp are, respectively, the nuclear SLD at the center of the nominal Fe and Nb layers, and T4 and T, are, respectively, the upper

and lower transition temperature.

D x(A) XRD Tnp (°C)  TsL (°C)
s 15.4(1) Nb(200) 800 100

s2  15.6(4) n/m 800 66

s3  15.1(1) Nb(200) 800 30

s4  36.7(3) Nb(200) 800 30

s5  26.7(4) Nb(200) 800 30

s6  20.1(5) Nb(110), Nb(200) 30 30

layer grows epitaxially on the Al,03(1102) substrate in the
(100) direction at a substrate temperature during deposition of
Tnp = 800 °C. This result agrees with [45]. Furthermore the
samples grown at this temperature show high residual resis-
tivity ratios of 15-20. The sample deposited at room tempera-
ture, in contrast, possesses a polycrystalline structure of the
Nb(50 nm) layer with a mixture of (100) and (110) phases and a
rather low RRR of 3.4, which is attributed to enhanced scat-
tering of conduction electrons at the grain boundaries.

Neutron reflectometry has shown that Fe/Nb superlattices with
x < 2.5 nm form a depth-modulated FeNb alloy with the con-
centration of iron varying within the superlattice unit cell be-
tween 60% and 90%. Based on the SQUID data (Figure 4), we
can attribute the magnetic signal at room temperature to the
iron-rich Fey gNby | alloy, while the signal below 7}, = 100 K
originates from Fe( ¢Nbg 4. Although the thickness of our Nb

spacer, 1.3 nm, is close to the values in [37-39] we did not

PFe/PNb Mre (kG)  RRR  Tgq (K) Te2 (K)
6.1/5.1 1(1) 181  8.9(3) 8.1(3)
5.7/4.7 1.8(8) 169  8.9(1) 8.0(2)
6.0/4.9 2(1) 186  8.8(2) 8.1(2)
6.6/4.0 11.2(4) 196  8.8(2) 8.0(1)
6.1/3.9 2(1) 163  8.9(1) 7.9(2)
5.0/4.6 2.3(5) 3.4 9.1(1) 8.3(1)

observe any antiferromagnetic coupling, neither at room tem-
perature nor in low-temperature measurements. The reason of
this disagreement may originate from the amorphous Nb spac-
ers.

The proximity of this depth-modulated and weakly magnetic
layer to a thick superconductor causes the appearance of an
intermediate phase between the normal state (T > T,|) with
nonzero resistance and the superconducting state (7' < T,) with
zero resistance. This state is characterized by a ~50%
suppressed resistance and the absence of the Meissner effect.
Similar steps were already observed in several works
[19,30,49,50]. Up to now there exists no explanation of such
steps except for cases related to different imperfections of the
sample (e.g., thickness gradient, crystal inhomogeneity, or
oxide at S/F interface) [19,30,49,50]. However, a detailed study
of our systems using various structural methods allows us to

exclude these cases. To discuss this effect we first need to pay
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attention to the peculiarities of our transport experiment. Since
the contacts are attached to the surface, electrical current will
tend to flow along the surface penetrating only to a certain
depth A. To calculate A one needs to know the resistivity of all
layers in z direction as well as the interfaces resistances. This
will require additional experiments on simpler systems and/or
with current applied normal to the surface. However, the
following arguments allow us to say that the value of A is
comparable to the thickness of the entire structure, that is, the
current flows not only along the SL but also through the thick
niobium layer or at least through its upper part. First of all, we
note that a stand-alone Fe/Nb SL structure itself hardly can be a
superconductor due to the absence of a clean and oriented Nb
phase. Secondly, we draw attention to the difference between
the transport properties of samples s5 and s6. Lowering of the
deposition temperature of thick niobium Ty led to polycrys-
talline growth of the thick Nb layer of sample s6 and a strong
decrease of its RRR (Table 1). Such a sensitivity of the RRR on
the crystal structure of thick Nb indicates that the transport ex-
periment is sensitive to the thick niobium layer, i.e., the current
does flow through it. If this is the case, then the transition of the
thick niobium to the superconducting state should lead to a
(almost) complete loss of resistance. This is indeed observed
experimentally below T, for all samples, while for samples
with x < 2.5 nm in the region of temperatures between 7| and
T, the loss is only partial. Taking into account all of these facts
we can propose that the thick Nb layer in the intermediate state
comprises superconducting and normal-state domains. This
hypothesis allows us to explain the suppression of the resis-
tance and the absence of the Meissner effect in the intermediate
state. However, it requires further experimental and theoretical
studies. For example covering the SL from both sides with thick
superconductor layers would allow direct measurements of the

proximity effect using PNR [41].

Conclusion

We studied the structural, magnetic and superconducting prop-
erties of [Nb(1.5 nm)/Fe(x)];( superlattices deposited on a thick
Nb(50 nm) layer. Our investigation showed that a high deposi-
tion temperature of Ty, = 800 °C results in systems of high
structural quality with an epitaxial Nb(50 nm) layer and high
residual resistivity ratios of 15-20. By using neutron reflectom-
etry we have shown that Fe/Nb superlattices with x < 4 nm
form a depth-modulated FeNb alloy with the concentration of
iron varying between 60% and 90%. This alloy has properties
of a weak ferromagnet with a Curie temperature of T, ~ 100 K.
The proximity of this weak F layer to a thick superconductor
leads to the presence of an intermediate phase between normal
and superconducting state. This phase is characterized by a
suppressed resistance of the structure in the temperature range

of T = 8-9 K below the superconducting transition of thick Nb.

Beilstein J. Nanotechnol. 2020, 11, 1254—1263.

By increasing thickness of Fe layer to x = 4 nm this phase was
destroyed.
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We designed, implemented, and characterized differential amplifiers for cryogenic temperatures based on Si bipolar junction tran-

sistor technology. The amplifiers show high gain values of more than 60 dB at 300, 77, and 48 K. The minimum voltage noise spec-

tral density was achieved at 77 K and corresponded to 0.33 nV/Hz0- with a flicker noise of 20 Hz. The maximum voltage gain was

70 dB at 77 K for a frequency range from DC to 17 kHz. We experimentally show that the parallel differential circuit design allows
for a reduction of the voltage noise from 0.55 to 0.33 nV/Hz0 at 77 K.

Introduction

Currently, superconducting detectors are the most sensitive
devices in the electromagnetic field and find wide application in
radioastronomy and quantum electronics. Sensors based on
superconductors can detect microwaves close to the single-
photon limit [1]. Most of such sensors are based on Josephson
junctions and superconducting thin films. Experimental studies
of such sensors require the design of low-noise cryogenic
readout electronics with a direct coupling to the sample. For ex-
ample, investigations of noise sources in low-temperature
tunnel Josephson junctions are still ongoing for high-precision

calibration of superconductor technology and for finding new

noise sources in Josephson junctions, which lead to high deco-
herence in superconducting systems [2,3]. The most important
part in a measurement readout is a low-noise amplifier. The
modern low-temperature low-noise cryogenic amplifiers
are widely used for superconducting circuit readout at a
temperature of 4 K [4-10]. However, the operating frequency
range of such amplifiers starts at 10 kHz or higher. This specif-
ic design of cryogenic amplifiers is mainly based on two tech-
nological concepts, i.e., high electron mobility transistor
(HEMT) technology and SiGe bipolar heterojunction technolo-
gy (HBT).
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Low-frequency amplifiers are usually applied as first stage of
SQUID readout electronics [11,12] or as the readout of cryo-
genic bolometers [13]. In both cases the amplifiers have a
working temperature of 300 K. Modern low-frequency and low-
noise amplifiers are commonly based on Si bipolar junction
transistor (BJT) technology and junction field-effect transistor
(JFET) technology. Since external interferences can be compen-
sated by differential input circuits, differential amplifier designs
are used for these applications. These amplifiers, including
instrumentation amplifiers, are usually built as fully monolithic
integrated circuits. Due to the complicated circuit design, their
parameters are not stable at temperatures below 240 K and they
can not be used at cryogenics. However, it is known that single
BJT amplifiers can operate at temperatures down to 77 K
[11,14,15]. In [11] the authors use a matched transistor pair to
develop a low-noise preamplifier for room-temperature SQUID
readout electronics and show the possible application in wide
temperature range. They achieved a low voltage noise spectral
density of 0.33 nV/ JHz with a 1/f flicker noise corner frequen-
cy of 0.1 Hz but there is no information about gain and noise
performance at 77 K. Moreover, it would be useful to compare
room-temperature results of BJT-based differential amplifiers
with results obtained at 77 K. Also, modern cryogenic applica-
tions are based on dry cryostats instead of coolants. The most
common modern dry cryostats, including dilution refrigerators
and He-7 sorption refrigerators, have a 50 K temperature stage
as uppermost cooling stage where the DC cryogenic amplifier

can be mounted.

In this paper, we show the potential applicability of commer-
cially available Si bipolar transistors for cryogenics. Design and
preliminary performance of cryogenic low-noise differential
amplifiers, based on matched parallel connected pairs of com-
mercially available bipolar junction transistors, at temperatures
of 77 and 50 K are presented. This amplifier design is simple to
modify, fast to implement, and requires only a proper selection
of components. The amplifiers show a high gain value of 70 dB
for a frequency range from DC to 17 kHz, a low voltage noise
spectral density of 0.33 nV/ VHz and low flicker noise at 77 K.
The total power consumption for the parallel circuit amplifier
design corresponds to 180 mW. We experimentally show that
the parallel differential circuit design allows for the reduction of
the voltage noise from 0.55 to 0.33 nV/+/Hz at 77 K. The per-
formance of the amplifier in measurements with supercon-
ducting detectors requires improvements, which are currently

under investigation.

Experimental

We designed the cryogenic differential amplifier with an active
load as a current mirror using negative and positive power
supplies. SSM2210 and SSM2220 transistors were used as the

Beilstein J. Nanotechnol. 2020, 11, 1316—-1320.

main elements. These are n-p-n and p-n-p matched transistor
pairs. Each pair is fabricated on one chip. Both type of transis-
tors are used in low-frequency low-noise room-temperature
amplifiers for SQUID and bolometer readouts [16-18]. Since
the current gain in the bipolar transistors decreases with a
lowering of the temperature, the main goal of this circuit design
was to achieve a high voltage gain level at cryogenic tempera-
tures of 77 and 48 K. This led us to use transistor bias points at
high currents up to 10 mA, which is beyond the optimal
working points for minimum voltage and current noise criteria.
Moreover, this circuit modifies the differential input to the
common mode output, which might be easily connected to any
coaxial cable in a cryostat. The first amplifier circuit was de-
signed with one transistor pair (SSM2210) connected to the
active load (SSM2220). In order to reduce the Johnson—-Nyquist
noise we used a second transistor pair of SSM transistors
connected in parallel to the input differential circuit as it is
shown in Figure 1. This design was used in the second cryo-
genic differential amplifier. We used a negative voltage supply
for biasing the emitter circuits over the resistors R3 and Ry,
which were thermally anchored to the 48 K cooling stage. This
way we formed a current source and reduced the noise coming
from the room-temperature voltage biasing part. Since the resis-
tors were cooled to 48 K their Johnson—-Nyquist noise did not
influence the circuit. The resistors were measured at 77 K
before and a pair of resistors with low resistance spread was
chosen. Each pair of the SSM2210 transistors was measured

and the input and output /-V curves were obtained. Pairs with

R

IN\\I A IN\\I A

Rs -Vssuia
AAA%
cF E=C

Figure 1: Schematic of the 0—120 kHz cryogenic LNA based on paired
SSM2210 transistors. The important component values are: Ry = Ro =
100 Q, R3 = R4 = 4.3 kQ, Cs = 470 nF. The capacitors are realized in
0402 package (COG type) and the resistors are realized as UMELF.
The other passive components are used for filtering of the bias lines.
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similar transistor parameters were selected. We used simple RC
filters in order to suppress any external interference coming
from room-temperature voltage sources. The resistors R| and R,
are the load resistors of the collector circuits, and the capacitor
Cs is the decoupling output capacitor, which has the unwanted
effect of reducing the frequency bandwidth at low frequencies.
The resistors used in the cryogenic amplifier are MELF-type
resistors and the capacitors have a COG-type of dielectric. All
the components were mounted on the designed layout of the
printed circuit board (PCB) from FR4 material. We did not
solder the electrodes of the capacitors directly to the PCB in
order to reduce the mechanical stress during the cooldown
cycles. Instead, we used a small 0.25 mm Cu wire to provide a
soldering connection to the PCB pads. The nominals for passive
elements are given in the caption of Figure 1. The PCB with the
cryogenic amplifier circuit was embedded inside a Cu box with
SMA input and output connectors for signal lines. The biasing
terminals were set up as feedthrough filters.

Results and Discussion

The main measurement instrument of the setup was a dynamic
signal analyzer (SA) SR780 from Stanford Research Systems
with a frequency range from DC to 102.4 kHz and imbedded
analogue sweeping generator. It was used for gain and noise
measurements. We performed measurements of two cryogenic
differential amplifiers, i.e., one design with one pair of input
transistors and another design with a parallel connection of tran-
sistor pairs (see Figure 1). The first design was measured at 300
and 77 K and the second design was characterized at three dif-
ferent temperatures, i.e., 300, 77, and 48 K. The first experi-
mental temperature was room temperature. In order to measure
the amplifiers at 77 K we used a liquid nitrogen dewar with
good thermal isolation. The amplifier circuit mounted to the Cu
case was immersed in a liquid nitrogen dewar. The low-temper-
ature measurements at 48 K were made on the uppermost cool-
ing stage of He-7 refrigerator with a Cryomech pulse tube
cryocooler PT-405. Flexible shielded coaxial cables with SMA
connectors were used for circuit biasing and for the input and
output. We used an additional 40 dB attenuator at the SR780
generator output in order to reduce the voltage amplitude, so
that the input voltage signal applied to the amplifiers corre-
sponded to 100 pV. We estimated the dynamic behavior of the
amplifiers while applying a sinusoidal analog signal with differ-
ent amplitudes. The linear voltage range corresponded up to
5 mV at the input. At cryogenic temperatures the amplifiers
were measured in two cooldown steps. First, the dependence
of the gain on the frequency was obtained and during
the next cooldown the voltage noise properties were character-
ized. The amplifier gain curves measured at two temperatures
are presented in Figure 2. The gain of the amplifier corre-
sponded to 73 dB in a frequency range from DC to 11 kHz at
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77 K and 65 dB in a frequency range from DC to 9.6 kHz at
300 K.
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Figure 2: The gain of the cryogenic differential BJT amplifier
depending on the frequency at 77 and 300 K.

The noise parameters of the amplifiers were measured using a
standard measurement procedure. Both inputs of the amplifier
were shorted to the ground and the total voltage noise spectral
density was measured. The self voltage noise of the SA was
previously characterized and it did not exceed 12 nV/ JHz. The
measured total noise was defined only by the amplifiers since
the voltage gain was more than 3000 for both designs. The
voltage noise spectral density related to the input as a function
of the frequency is presented in Figure 3. The minimum ob-
tained noise was measured at 77 K and corresponded to
0.55nV/v/Hz . The important parameter for a low-frequency ap-
plication is the value of the 1/f flicker noise frequency. It corre-
sponds to 5 and 20 Hz (Figure 3).
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Figure 3: The voltage noise spectral density of the cryogenic differen-
tial BJT amplifier as a fucntion of the frequency at 77 and 300 K.
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The second amplifier with a parallel design of SSM2210 tran-
sistors (see Figure 1) was conceived to reduce the voltage noise.
It was measured at three different temperatures, i.e., 300, 77,
and 48 K. In order to measure the amplifier at 48 K we used the
uppermost stage of the He cryostat with He-7 sorption unit. The
amplifier was fixed to the cooling plate with brass screws to
have good thermal anchoring. The signal lines were connected
to the cryostat CuBe coaxial cables. The amplifier gain curves
measured at three temperatures are presented in Figure 4. The
maximum gain of the amplifier was 75 dB, obtained at 77 K.
The bandwidth of this amplifier ranged from DC to 17 kHz.
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Figure 4: The gain of the cryogenic differential two-stage BJT ampli-
fier as a function of the frequency at three different temperatures.

The voltage noise spectral density related to the input as a func-
tion of the frequency for three different temperatures is
presented in Figure 5. The minimum obtained noise was
measured at 77 K and corresponded to 0.33 nV/+/Hz. The 1/f
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Figure 5: The voltage noise spectral density of the cryogenic differen-
tial parallel BJT amplifier as a function of the frequency for three differ-
ent temperatures. A spurious interference at 50 Hz and its harmonics
are visible in the spectrum.
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flicker noise corner frequency corresponded to 5, 20, and about
100 Hz for the different temperatures (Figure 5).

We assume that the high level of 1/f noise at 48 K was caused
by significant current noise due to a carrier freeze-out effect in
the transistor base. Such an effect significantly increases the
base current of the transistor to hundreds of milliamperes and
increases the spread base resistance at our DC working points.
Also, the current gain B was drastically decreased down to
approximately five. The characteristics at 48 and 77 K differ,
e.g., regarding the amplitude of the 50 Hz interference and its
harmonics. This is explained by the different experimental
conditions. The 77 K experiments were performed in a liquid
nitrogen bath with shielded amplifier case and coaxial lines

while the 48 K experiments were performed in the cryostat.

Conclusion

We have demonstrated differential cryogenic low-frequency
low-noise bipolar junction transistor amplifiers. The amplifiers
have a high gain value of more than 60 dB, with a voltage noise
spectral density of less than 0.55 nV/+/Hz and a low flicker
noise of 20 Hz at 77 K. We have shown experimentally that the
parallel differential circuit design allows for a reduction of the
voltage noise from 0.55 to 0.33 nV/+/Hz. However, the ampli-
fier characteristics were drastically degraded at 50 K. The band-
width was reduced to 1.5 kHz and the voltage noise spectral
density increased to 1 nV/ JVHz. This may limit the usage of the
amplifiers for some experimental needs. Generally, the ampli-
fier performance is not sufficient to be a replacement of modern
low-frequency amplifiers for SQUID or bolometer readouts.
Comparing the performance of this amplifier at 77 K with that
of the amplifier from [11] at room temperature we can see
worse bandwidth, higher 1/f corner frequency and approxi-
mately the same voltage noise level. Also, the measurements of
amplifier current noise were not carried out because the ampli-

fier was biased by high currents.

However, we want to emphasize that our amplifier design was
made to demonstrate the potential applicability of BJ transis-
tors for cryogenic application, especially at 50 K. It was not op-
timized for SQUID or bolometer readouts. Also the type of
transistors were chosen to be n-p-n and p-n-p pairs as in [11].
SSM transistors have the same producer, similar technology,
and performance and were used to develop room-temperature
SQUID readout electronics [16]. Taking into account a compar-
ison of the performance of the two transistor types SSM and
MAT, we are confident that the amplifier performance can be
significantly improved. The amplifiers are easy to mount to
most of the measurement setups since they have a SMA termi-
nation. Unfortunately, modern cryostats for low-temperature ex-

periments do not have a cooling temperature stage correspond-
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ing to 77 K. Hence, the designed amplifiers are most applicable
for the working temperature of liquid nitrogen, which is the
main working temperature for high-temperature supercon-

ducting sensors and semiconductor detectors [19,20].
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Abstract

We present both theoretical and experimental investigations of the proximity effect in a stack-like superconductor/ferromagnetic
(S/F) superlattice, where ferromagnetic layers with different thicknesses and coercive fields are made of Co. Calculations based on
the Usadel equations allow us to find the conditions at which switching from the parallel to the antiparallel alignment of the neigh-
boring F-layers leads to a significant change of the superconducting order parameter in superconductive thin films. We experimen-
tally study the transport properties of a lithographically patterned Nb/Co multilayer. We observe that the resistive transition of the
multilayer structure has multiple steps, which we attribute to the transition of individual superconductive layers with the critical
temperature, 7., depending on the local magnetization orientation of the neighboring F-layers. We argue that such superlattices can

be used as tunable kinetic inductors designed for artificial neural networks representing the information in a “current domain”.

Introduction
Multilayer superconductor/ferromagnetic (S/F) heterostructures ~ we present theoretical and experimental investigations of an S/F
can be used for construction of tunable cryoelectronic elements, “stranded wire” with a controllable proximity effect. The wire is

such as switches, Josephson junctions and inductors [1-8]. Here, composed of ferromagnetic (F) layers separated by thin super-

1336


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:nvklenov@gmail.com
https://doi.org/10.3762/bjnano.11.118

conducting layers, in which the superconducting order parame-
ter is maintained due to the proximity to a thick supercon-
ducting bank (S-bank). Switching from the antiparallel (AP) to
the parallel (P) alignment of neighboring F1 and F2 layers leads
to a significant enhancement of the effective exchange field in
this artificial ferromagnet. Previously, the properties of
[Co(1.5 nm)/Nb(8 nm)/Co(2.5 nm)/Nb(8 nm)]g multilayer
structures for cryogenic memory applications were studied
using polarized neutron scattering and magnetometry tech-
niques [9]. In particular, the parameter regions where the afore-
mentioned switching between the P and AP orientations of the
F1 and F2 layers is possible were found experimentally.

In this work, we perform theoretical and experimental analyses
of electronic properties of Nb/Co multilayers with different F1
and F2 thicknesses and several stacking periods. It is demon-
strated that the magnetization switching results in modulation of
superconductivity in the superlattice with a corresponding
change in the kinetic inductance of the superconducting parts of
the wire core, due to the inverse proximity effect. We argue that
this effect facilitates new possibilities for the development of
tunable superconducting electronic components. For example,
the considered “stranded wire” can be readily applied in a
synaptic connection for a superconducting artificial neural
network (ANN), where the information is represented in a “cur-
rent domain” [10-21].

The paper is organized as follows. In the next section, we high-

light how the proximity effect modulates hybrid S/F structures
(the most interesting of the applications discussed), present the

X
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model and methods used in the theoretical research, and discuss
the obtained results. In the “Experimental results” section, we
analyze the transport measurements of the manufactured sam-
ples. At the end, we discuss possible applications of the results
for the implementation of superconducting synapses and give a
conclusion.

Results

Model and theoretical results

Contrary to traditional semiconductor basic elements (transis-
tors), tunable kinetic inductors (TKIs), as well as nonlinear ele-
ments (Josephson junctions), are not fabricated in a substrate.
This allows for 3D topology benefits, which are especially im-
portant for deep ANNs. The F1/s/F2/s superlattice, in which the
thick S-bank acts as the source of induced superconductivity, is
the simplest model of the 3D structure. Let us consider the ap-
plications that are possible due to the control over the order pa-
rameter in thin superconductor layers (s-layers) in such a struc-
ture.

The simplest cell for the current flow control using the TKI is a
splitter. The input current, i;,, induced in the input inductance,
lin, splits between the two TKI elements. Figure 1b presents the
principal scheme of a synaptic element in a superconducting
ANN (with TKI elements instead of Josephson junctions, which
were used previously [20]).

The synapse modulates the “weight” of an arriving signal,
which corresponds to the input current. The transfer function of
this current transformer can be described as follows:

S~

superlattice
S/[F/s/Fy/s],

Figure 1: (a) Sketch of the investigated multilayer Co(1.5 nm)/Nb(6 nm)/Co(2.5 nm)/Nb(6 nm) structure. (b) The simplest splitter model based on this

TKI.
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where 7;, and iy, stand for the normalized input/output current,
respectively, Al =1} — [, and Xl = [{ + Ip; [}, I, are the normal-
ized inductance values of two TKIs, and l,, is the stray
geometric inductance of a splitter branch. For this device to
function properly, it is critically important to find conditions in
which the kinetic inductance changes significantly due to the
controlled proximity effect in the S/F structure.

To test the concept of the magnetically tunable kinetic inductor,
we calculated the superconducting order parameter in
S/[F1/s/F2/s],, superlattices, as presented in Figure 1.

We studied the proximity effect and electronic transport in the
multilayer hybrid structures in the frame of Usadel equations
(22],
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using the Kupriyanov-Lukichev boundary conditions [23,24],
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at the S/F interfaces. Here, G,,, and ®),, are normal and anom-
alous Green’s functions, respectively, and w = n7(2n + 1) is the
Matsubara frequency. In addition, &=+ iH, where H is the
exchange energy in the F-layer, p and ¢ are indexes that denote
the materials, Ep is the coherence length, yg,, = Rpa/ppE, is the
interface parameter, in which Rpy is the resistance per square of
the interface, and pj, is the resistivity of the material at the
p-side of the boundary. Note that the boundary conditions at the
S/F interface are written from both sides, leading to two inde-
pendent parameters, ygsg and yggs. The ratio between these pa-
rameters, y = psEs/prEp, is a suitable parameter to understand
the physics of the system, since it depends only on the material

properties.

In our calculations we put the origin of the x axis at the free
interface of the bulk semiconductor electrode, with thickness
Lg = 10&s. In addition, we considered the proximity effect of an

artificial ferromagnetic material (AFM), consisting of alter-
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nating thin superconducting (Lg = 1&g) and ferromagnetic
layers, with an exchange energy of H = 107c. In an AFM, every
odd-numbered ferromagnetic layer has a thickness of
Lpy = 0.15&g, while every even-numbered ferromagnetic layer
has a thickness of Lgp = 0.1&g. We assume that the diffusive
coherence length of the superconducting and ferromagnetic ma-
terials are the same; however, the relative resistivity values can
differ. The numerical solution of the boundary problem (Equa-
tion 2, Equation 3) provides the required spatial distribution of
the pair potential, A(x), as well as the anomalous, ®(x), and
normal, G(x), Green’s functions at a given temperature.

We found that the behavior of the system significantly depends
on the relative resistivity values and coherence lengths of a
chosen material. When the ferromagnetic metal and the super-
conductor have the same resistivity and diffusion coefficients
(i.e., for y = 1), the pair potential in the whole structure grows
evenly with the temperature decrease (Figure 2a). The main
source of the superconductivity is the bulk semiconductor layer,
while the thin s-layers only slightly support the pairing ampli-
tude coming from the source. Figure 2b shows the spatial distri-
butions of the anomalous Green’s function

R

® 5 *
B+ O, D7

at the first (n = 0) Matsubara frequency, F(x), for parallel
(solid lines) and antiparallel (dashed lines) magnetization orien-
tations at low, 7' = 0.257¢ (panel b), and high, 7= 0.6T¢ (panel
¢), temperature values. The real part of F'|(x) decreases inside
the AFM almost exponentially, with a small step-like modula-
tion in thin superconducting layers. In the antiparallel case, the
real part of the functions decreases slowly with an increase in x.
At the same time, the imaginary part behaves differently for
parallel (P) and antiparallel (AP) configurations. In the AP case,
the imaginary part oscillates, returning to almost zero after
every second layer. In the P case, the imaginary part decreases
almost exponentially. However, this decrease is slower than the
decrease observed for the real part of the function, increasing

the possibility of a O—m transition.

However, the proximity effect properties are completely differ-
ent if the resistivity of the superconductor is significantly
smaller than that of the ferromagnetic material (y = 0.1). In this
case, thin s-layers are protected from the superconductivity
suppression due to the inverse proximity effect. Moreover, the
s/F-multilayer structure acts as an additional source of super-
conductivity. However, the effective critical temperature of the
magnetic superconductor is significantly smaller than of the
bulk semiconductor material. This property of the system is

demonstrated in Figure 3. Figure 3a presents the temperature
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Figure 2: (a) Pair amplitude, A, in a S(F1sF2s),3F1 structure in different superconducting layers as a function of temperature, T, for parallel (solid
lines) and antiparallel (dashed lines) magnetization orientations, considering y = 1. (b,c) Spatial distributions of the anomalous Green’s function, F1(x),
for parallel (solid lines) and antiparallel (dashed lines) magnetization orientations at different temperature values: T = 0.25T¢ (b) and T = 0.67 (c).

dependence of the pair potential in different superconducting
layers for P (solid lines) and AP (dashed) magnetization config-
urations in F-layers. In the large semiconductor electrode, the
temperature dependence of the pair potential coincides with the
prediction of the pure Bardeen—Cooper—Schrieffer (BCS)
model. At the same time, the pair potential in thin s-layers
rapidly increases near the effective critical temperature,
Tc* = 0.5Tc. It should be noticed that the superconductivity
support from the bulk semiconductor source provides a
nontrivial shape for A(T) in the closest s-layer, with a sharp
increase in the pair potential to a constant value in the vicinity
of Tc*. The farther the layer, the weaker the support effect.
Deep s-layers that are far from the bulk source are barely influ-
enced by the bulk source and their properties are similar to in-
dependent (s/F), multilayer structures with sloping A(7T) depen-
dencies. The spatial distributions of the Green’s functions
(Figure 3b and Figure 3c) also have step-like shapes. Since the
pair potential inside the multilayer structure has a supercon-

ducting source independent of the bulk semiconductor layer, the
value of the pairing amplitude F(x) is almost constant inside
every s-layer. However, this value inside each layer is strongly
dependent on the distance from the bulk electrode. At tempera-
ture values above T¢*, the spatial distribution has a similar
shape, although a significant pairing amplitude appears only in
the s-layers closest to the bulk semiconductor electrode. An ad-
ditional possible consequence of such spatial distribution
appears in the screening of F-layers in multilayer structures
from an outer magnetic field due to the Meissner effect. The
inner F-layers are strongly screened while the opposite is ob-
served for the outer layers. This means that the remagnetization
of the layers in an increasing homogeneous external magnetic
field do not occur simultaneously, but instead gradually from
the outer to the inner layers of the structure.

The calculated distribution of the anomalous Green’s function,

F, allows for the estimation of the screening properties of the
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Figure 3: (a) Pair amplitude, A, in a S(F1sF2s),3F1 structure in different superconducting layers as a function of temperature, T, for parallel (solid
lines) and antiparallel (dashed lines) magnetization orientations, considering y = 0.1. (b,c) Spatial distributions of the anomalous Green’s function, F,
for parallel (solid lines) and antiparallel (dashed lines) magnetization orientations at different temperature values: T = 0.4T¢ (b) and T = 0.67¢ (c).

hybrid structure. The spatial distribution of the screening length
directly depends on the proximity of the superconducting order
parameter in the system [25], given by

A(xy2 16T 5 Re(F(x)).

p >0

Hence, the screening length and the kinetic inductance of the
considered s-layers are significantly higher in the P case com-
pared to the AP case. This leads to a redistribution of the cur-
rent flowing along the multilayer structure which increases the
total kinetic inductance of the structure [26], according to the
following relation

d
/
Ly Moy, J‘k(x)zdx )
0

where [ is the length of the strip, W and d are the width and the
thickness of the multilayer structure, respectively. It can be con-
cluded that small changes in the temperature or in the applied
magnetic field [9] can significantly change (from zero to rela-
tively large values) the kinetic inductance of thin s-layers in the
hybrid structures studied in this work.

Experimental results

The next step was to experimentally verify the significant
changes, predicted in the model, for the pair potential in thin
s-layers of a [Co(1.5 nm)/Nb(8 nm)/Co(2.5 nm)/Nb(8 nm)]3
AFM. For these superlattices, the possibility of switching be-
tween the P and AP cases, using a magnetic field with an inten-
sity of =30 oersteds, has already been demonstrated [9]. The
samples were prepared by using the magnetron sputtering
system Leybold Heraeus Z-400 during a single deposition cycle
without depressurization of the chamber. Only three targets

were used for the structure preparation: niobium (99.95%
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purity) was used as a superconducting Cooper pair generator
and interlayer separator between two neighboring films of ferro-
magnetic layers grown using cobalt (99.95% purity). Pure
silicon (99.999%) was the third target used to create a passi-
vating layer to prevent structure oxidation. The details
regarding the deposition technology were previously described
[27].

The structure for the transport measurements was etched under
pure argon atmosphere (Ar* milling) in a CRYO RIE Alba
Nova machine (Stockholm University). The patterned design
allowed for a four-point type measurement of six segments of
the sample in one cooling cycle (Figure 4). The pair of contacts
was applied for setting the current and the pair of microwires
was used to test an induced potential difference. Each contact
was marked with a letter. Therefore, each measurement was
denoted by a pair of letters ("RT","TV", etc.). All the low-tem-
perature measurements performed in this work were done using
a cryogen-free magnet system with an insert for the flowing

gas.

Figure 4 represents the principle scheme of the measurements
performed in this work. This “centipede-like” sample design
facilitates the measurements of the electrical resistance values
in different synapse-like segments simply by alternating the
arms. Before the measurements, the sample was cooled down to
10 K in a zero-field cooling mode and no current was applied.
The critical temperature measurements started at 10 K and after-
wards a temperature sweeping was performed (R(7) measure-
ments). In addition, and external 1 pA current (AC mode with
frequency of 127 Hz) was applied. The temperature change rate
was chosen such that a minimal temperature gradient was
generated in both downward and upward sweeping directions.
Therefore, the resulting shapes of the curves resembled one
another but with a slight 0.05 K shift.

Beilstein J. Nanotechnol. 2020, 11, 1336—1345.

In this article, only the measurements performed in three seg-
ments were presented since the rest of the measurements
showed a similar behavior. In the beginning of the experiment,
the resistivity as a function of the temperature was measured
without any applied external magnetic field for all the synapse-
like segments, immediately after the sample was cooled down.
In Figure 5a, the curves of the resistance, R, as a function of the
temperature, T, are shown for the case in which there is no mag-
netic field applied. The results show a similarity to common ho-
mogeneous superconductors subjected to the same conditions: a
slight change in the resistance is noticed above critical tempera-
ture and after that there is a quick decrease to zero in the criti-
cal temperature region at 7.3 K. Niobium enters a supercon-
ducting state within the entire volume of sample. The upper-
case letters indicate a voltmeter contact connection in the prin-
cipal scheme of the sample (Figure 4b). The current was applied
to the opposite arm of the “centipede”. Note that, in the initial
state, in which small domains in the Co layers were randomly
distributed, resistive transitions (R(7)) at different segments
(e.g., “RT” (black circles), “TV” (blue dashed line)), etc.) were
similar in shape. The difference in the resistance values can be
explained by geometrical factors, such as the shape and width
of the segments.

The next series of measurements were carried out under the
same conditions. However, for these experiments, the samples
were previously submitted to a training protocol, in which they
were exposed to an alternating magnetization in the field
applied parallel to the layers of the sample at 10 K. The magnet-
ic field ranged from —200 Oe to +200 Oe and, during this
process, the electric current was not applied to the sample. After
remagnetization, the R(T) behavior significantly changed. For
all the segments the superconducting transition started at a
lower temperature, T = 7.2 K, and the resistance gradually de-
creased until 7= 6.7 K where it went to zero. Moreover, several

Figure 4: A micrograph (a) and a principal scheme (b) of the structure used for the critical temperature measurements (each contact was marked with

a letter).
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Figure 5: Resistance as a function of the temperature (a) without an initial magnetization of the sample, at a current / = 20 pA, and (b) after remagne-
tization in the longitudinal direction, at a current / = 1 mkA. Each contact in the “centipede-like” structure was marked with a letter. Therefore, each

measurement was denoted by a pair of letters ("RT", "TV", etc.).

distinct steps appeared in the R(T) curves, which we attribute to
resistive transitions of individual superconducting layers (or
groups of layers) in the multilayer structure. As explained previ-
ously in the simulations (Figure 2 and Figure 3), the effective
critical temperature of the s-layers within the multilayer struc-
ture (i.e., the temperature in which the superconducting order
parameter exceeds the value sufficient for carrying the applied
transport current) depends on the magnetization orientation in
the neighboring F-layers. It is at a maximum for the AP and at a
minimum for the P orientation. From Figure 5b one can see that
different segments may have a different sequence of steps. For
example, the “RT” (black circles) and “TV” (red line) segments
have a very similar R(T) curve, with three steps in the tempera-
ture range of 6.95 K < T < 7.05 K. Conversely, for the “NR”
segment (blue dashed line) the steps have a different shape and
expand down to 7 = 6.7 K. This variation indicates that, al-
though the state of the multilayer structure is not homogeneous
across the whole sample, it is homogeneous enough within each
segment to cause a significant variation in the effective T,
values of individual layers with minimal values, corresponding

to the P state.

Such behavior of R(T) in the vicinity of 7 = 7.3 K is similar to
the behavior of R(T) in the S/N and S/F contacts upon the
conversion of the current from normal to a supercurrent.
Furthermore, there are several resistance jumps in the tempera-
ture region around 7 = 6.7 K. The actual number of jumps

changes for different electrodes (Figure 5b).

The observed variation in the R(T) step-like behavior may
also be due to the specific sample geometry (i.e., electrodes
with horizontal and vertical orientations, Figure 4a). Due to

the shape anisotropy, the “body” of the “centipede” is magne-
tized along the longitudinal direction, while the arms are per-
pendicular to the field. This geometry provides different mag-
netic structures and effective exchange fields for different parts
of the structure. Probably the critical temperature of the arms is
lower than in the body, providing the injection of a normal cur-
rent into the body. The conversion process from normal to
supercurrent provides the finite voltage, measured in the middle
segments. Such measurement also gives some additional infor-
mation about the properties of the arms. For instance, the de-
pendence between R(T) and the current transport along the
“RT” and “TV” (Figure 5b) segments are almost the same. This
means that the source of the voltage is in the “T”-electrode,
which is the source of the normal quasiparticles, while the “R”-
and “V”-arms are in the superconductive state. At the same
time, due to the connection between the “N”- and “R”-elec-
trodes, the jumps occur at significantly smaller temperature
values, which probably correspond to the resistive state of the

“N”-electrode.

The results in Figure 5b reveal the presence of a series of jumps
in the R(T) curves. The explanation for why the number of
jumps exceeds two in the R(T) curve is beyond the trivial transi-
tion of electrodes to the superconducting state. There are two
possible reasons for such behavior in this system. The first one
is associated with the sequential transition of the thin s-layers in
the middle part of the “centipede” that was measured. This
mechanism is shown in Figure 3a. In that case, thin s-layers of
the middle part of the structure transition, one by one, from a
normal to a superconducting state, leading to a step-like change
in the conversion rate of the current and to the appearance of
steps in the R(T) curve. The steps in the “RT”- and “TV”-seg-

1342



ments are suitable for that model, since they are close to each
other. At the same time, the middle part of the “centipede”, be-
tween the connection of the electrodes “R”- and “V”-, stays in
the single-domain state of the multilayer structure, while the
part between the “N”- and “R”- electrodes stays in the other
one.

The second possible explanation is based on the magnetic struc-
ture of the connected electrodes. If we assume that the “N”- (or
“T”-) electrode consists of two (or three) domains with signifi-
cantly different mutual magnetization orientation in the
F-layers, this can provide different critical temperature values
for each domain. Then, the transition of each domain to the
superconducting state leads to the decrease in the resistance to
the final value at the end of the experiment. This model can
explain every jump distribution and how the R(T) curve behav-
ior depends on the “RT”- and “TV”-segments. At the same
time, the same model contradicts the presence of a thick S-bank
at the bottom part of the electrode, which probably should de-
termine its critical temperature, with a weak dependence on the
magnetic state of the multilayer structure. Maybe, due to tech-
nical reasons, the S-bank becomes thinner in some arms, pro-
viding a stronger dependence of the critical temperature on a
mutual magnetization. In the latter, both mechanisms can
generate the steps on the R(T) curve.

Discussion

We continued with the theoretical and experimental research on
the Co/Nb multilayer structure since the polarized neutron
reflectometry and superconducting quantum interference device
(SQUID)-magnetometry results have proven that the effective
exchange energy can be controlled by applying relatively weak
magnetic fields. This time we focused on the "life" of supercon-
ductivity (pair potential) in thin s-layers in a changing magnetic

environment.

The theoretical studies in the present article showed that it is
possible to magnetically change the kinetic inductance of super-
conducting layers, and even transfer thin layers to a normal

state at a fixed temperature.

The experimental results showed that the transition of thin
s-layers to the normal state in the multilayer structure is
possible. In addition, the temperature of this transition depends

on the magnetic environment.

Given the aforementioned results, one can conclude that the
electronic transport properties in the multilayer structure
S/[F1/s/F2/s],, can be used to create different switching elec-
tronic elements, including synapses. This new type of applica-

tion will be discussed in more detail.

Beilstein J. Nanotechnol. 2020, 11, 1336—1345.

The creation of artificial neural networks is one of the current
trends in the development of superconductor electronics [10-
15]. Such an artificial neural network contains layers of ele-
ments that nonlinearly transform the incoming signal (neurons),
which is connected by linear tunable connections (synapses).
There are more than 10° synapses in the neural networks that
are used in these applications. The energy dissipation at these
interconnects is a serious problem, which motivates the search
for energy-efficient superconducting solutions in this research
field.

In the early 1990s, two-contact interferometers and their modi-
fications, operating in a resistive mode, were used as basic ele-
ments (artificial neurons) in a superconducting ANN. In these
neurons, the signal level usually corresponded to the average
voltage level in the cell. As a result, these ANN schemes were
neither fast nor energy efficient. New studies in this area
appeared again at the end of the 2000s. This revival was associ-
ated with the spike in neural networks, in which the informa-
tion is presented as a sequence of identical (single-quantum)
voltage pulses, and the signal corresponds to a time delay be-
tween pulses [10,21]. From a circuitry point of view, such
neural networks resemble the rapid single flux quantum (RSFQ)
logic devices. Therefore, the development of energy-efficient
RSFQ logic devices motivated us to investigate neural networks
(and primarily synapses) with an ultra-small energy dissipation.
That was done based on adiabatic superconducting logic cells
with the presentation of information in the form of magnitudes
and directions of currents in the superconducting circuits [17-
19].

The main problem in these approaches is the complexity of the
practical implementation of an effective synaptic connection:
they should be tunable but, at the same time, retain a memory
effect. In order to create a synapse, a Josephson contact with a
ferromagnetic component in the weak coupling region was
recently proposed to adjust the critical current during the func-

tioning of a neural network [20].

In this paper, we propose a way to eliminate completely the
Josephson nonlinearity from the synapse circuit. The processes
of switching on and off the superconductivity in the thin
s-layers, surrounded by magnetic materials, can be used to vary
the transmission coefficient of the simplest synapse, shown in
Figure 1a. The dependence of the output current of the induc-
tive synapse, oy, With the parasitic inductance, /,, and the sum
of the controlled kinetic inductors of the arms, X/, is presented
below. The configurable dynamic range of the element in-
creases with the difference between the kinetic inductances of
the arms and decreases with the rise of the geometric induc-

tance.
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Figure 6: (a) The output current, ipyt, Of the inductive synapse versus the geometric inductance, /p, and the sum of the controlled kinetic inductors of
the arms, /. (b) The output current under the action of a single input pulse for different values of the difference between the inductors of the arms, Al.

Taking into account more complex physical phenomena in the
S/F multilayer structure, the future studies aim to increase the
functionality of the proposed synapse. With a noncollinear mag-
netization in the neighboring Co layers, the formation of a long
triplet component in a supercurrent is possible in the consid-
ered AFM [28-31]. This allows for a significant influence on
the magnitude of the order parameter in superconducting layers,
controlling the misorientation in the magnetization angles. The
triplet superconducting correlations of electrons are formed
from singlet correlations. Hence, this effect reduces the kinetic
inductance of the s-layers in a quasi-monotonic manner with the
magnitude of the controlling magnetic field. This effect enables
the construction of a magnetically tunable kinetic inductor for

artificial neural networks.
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We investigate superconductor—insulator quantum phase transitions in ultrathin capacitively coupled superconducting nanowires

with proliferating quantum phase slips. We derive a set of coupled Berezinskii—Kosterlitz—Thouless-like renormalization group

equations demonstrating that interaction between quantum phase slips in one of the wires gets modified due to the effect of plasma

modes propagating in another wire. As a result, the superconductor—insulator phase transition in each of the wires is controlled not

only by its own parameters but also by those of the neighboring wire as well as by mutual capacitance. We argue that supercon-

ducting nanowires with properly chosen parameters may turn insulating once they are brought sufficiently close to each other.

Introduction

Quantum fluctuations dominate the physics of superconducting
nanowires at sufficiently low temperatures making their behav-
ior markedly different from that of bulk superconductors [1-4].
Many interesting properties of such nanowires are attributed to
the effect of quantum phase slips (QPSs) which correspond to
fluctuation-induced local temporal suppression of the supercon-
ducting order parameter inside the wire accompanied by the

phase slippage process and quantum fluctuations of the voltage

in the form of pulses. By applying a bias current the symmetry
between positive and negative voltage pulses is broken and, as a
result, a superconducting nanowire acquires a non-vanishing
electrical resistance down to the lowest temperatures [5,6]. This
effect was directly observed in a number of experiments [7-10].

Likewise, quantum phase slips in superconducting nanowires

yield shot noise of the voltage [11] which originates from the
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process of quantum tunneling of magnetic flux quanta across
the wire. One can also proceed beyond the voltage—voltage
correlator and evaluate all cumulants of the voltage operator,
thus deriving full counting statistics of quantum phase slips
[12]. This theory enables one to obtain a complete description
of superconducting fluctuations in such nanowires. Interesting
QPS-related effects also occur in superconducting nanorings
which can be employed, for example, for possible realization of
superconducting qubits [13]. Such effects were investigated the-

oretically [14] and observed experimentally [15,16].

Each quantum phase slip generates sound-like plasma modes
[17] which propagate along the wire and interact with other
QPSs. The exchange of such Mooij—Schon plasmons produces a
logarithmic interaction in space—time between different QPSs
where the magnitude is controlled by the wire diameter (cross
section) [5]. For sufficiently thick wires this interaction is
strong and the QPSs are bound in close pairs. Accordingly, the
(linear) resistance of such wires tends to zero at T — 0, thus
demonstrating a superconducting-like behavior in this limit. On
the other hand, inter-QPS interaction in ultrathin wires is weak,
quantum phase slips are unbound and the superconducting
phase fluctuates strongly along the wire. In this case the wire
looses long-scale superconducting properties, its total resis-
tance remains non-zero and even tends to increase with decreas-
ing temperature thus indicating an insulating behavior at 7 — 0.
At zero temperature the transition between these two types of
behavior comes as a quantum phase transition (QPT) driven by
the wire diameter [5]. Below we will also refer to this QPT as a
superconductor—insulator transition (SIT).

In this work we will show that this SIT can be substantially
modified in a system of capacitively coupled superconducting
nanowires even without any direct electrical contact between
them. In our previous work [18] we already elucidated some
non-local QPS-related effects in such nanowires which yield
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non-equilibrium voltage fluctuations in the system which exhib-
it a non-trivial dependence on frequency and bias current. Here
we will demonstrate that quantum fluctuations in one of the two
wires effectively ”add up” to those of another one, thereby
shifting the QPT in each of the wires in a way to increase the
parameter range for the insulating phase. Qualitatively the same
effect is expected to occur in a single superconducting nano-
wire that has the form of a meander frequently used in experi-

ments.

Results and Discussion

The model
We first consider the system of two long superconducting nano-
wires parallel to each other, as schematically shown in

Figure 1a.

The wires are described by geometric capacitances C| and C;
(per unit wire length) and kinetic inductances £; and £, (times
length) effectively representing the two transmission lines.
Capacitive coupling between these two nanowires is accounted
for by the mutual capacitance Cy,. The corresponding contribu-
tion to the system Hamiltonian that keeps track of both electric

and magnetic energies in these coupled transmission lines reads

,] 1,2 (1)

where x is the coordinate along the wires, Eij and Cij denote the

matrix elements of the inductance and capacitance matrices

. 0 v ¢ C
L= L:l L C= 1 m 2
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n
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Figure 1: The systems under consideration: a) Two capacitively coupled superconducting nanowires and b) a superconducting nanowire in the form

of a meander.
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and @ = 7/e is the superconducting flux quantum. Note that for
the sake of simplicity here and below we set Planck constant 7,

speed of light, ¢, and Boltzmann constant, kg, equal to unity.
The Hamiltonian (Equation 1) is expressed in terms of the dual

operators §(x) and ®(x)[14] which obey the canonical
commutation relation

[(i)(x),f((x')]:—i(l)oS(x—x') 3)

and are related to the charge density and the local phase opera-
tors, Q(x) and (x), respectively, by means of the following

equations
R 1 .
O(x)=—Vi(x), ¢=2€Idx'®(x'). 4)
@, 0

Physically, Cf)l- (x) represents the magnetic flux operator, while
the operator f(i(x) is proportional to that of the total charge
q; (x) that has passed through the point x of the ith wire up to
the time moment 1, i.e., §;(x)=—%;(x)/®,.

Provided that the wires are thick enough, the low energy Hamil-
tonian in Equation 1 is sufficient. However, for thinner wires,
one should also account for the effect of quantum phase slips.
The corresponding contribution to the total Hamiltonian for our
system can be expressed in the form [14]

Heps =~ lezvjf dxcos (7 (x)) )
J=L
where
v ~(geA/E)exp(-agre). =12 (©)

denotes the QPS amplitudes per unit wire length [6], g;z =
R,/Rj is the dimensionless conductance of the jth wire segment
of length equal to the superconducting coherence length & (here
and below R, = 2m/e? =~ 25.8 kQ is the quantum resistance unit
and Ry is the normal state resistance of the corresponding wire
segment), A is the superconducting order parameter and a ~ 1 is
a numerical prefactor. We also note that the Hamiltonian (Equa-
tion 5) describes tunneling of the magnetic flux quantum, @,
across the wire and can be viewed as a linear combination of
creation (eiﬁi) and annihilation (eiiif) operators for the flux

quantum .
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It is obvious from Equation 4 that QPS events cause redistribu-
tion of charges inside the wire and generate pairs of voltage
pulses moving simultaneously in the opposite direction (cf.,

Figure 1a)

V()= > c,.]‘.l(v;zj(xl,z)—v;zj(xz,t)). o
j=1,2

Clearly, in the presence of capacitive coupling quantum phase
slips in one of the wires also generate voltage pulses in another

one.

To summarize the above considerations, the total Hamiltonian
for our system is defined as a sum of the two terms in

Equation 1 and Equation 5,

representing an effective sine-Gordon model that will be treated

below.

Quantum phase transitions: renormalization
group analysis

In order to quantitatively describe QPT in coupled supercon-
ducting wires we will employ the renormalization group (RG)
analysis. This approach is well developed and was successfully
applied to a variety of problems in condensed matter theory,
such as, the problem of weak Coulomb blockade in tunnel [19-
22] and non-tunnel [23-25] barriers between normal metals or
that of a dissipative phase transition in resistively shunted
Josephson junctions [19,26-28]. In the case of superconducting
nanowires QPT was described [5] with the aid of RG equations
equivalent to those initially developed for two-dimensional
superconducting films [29] which exhibit classical
Berezinskii—Kosterlitz—Thouless (BKT) phase transition driven
by temperature. In contrast, quantum SIT in quasi-one-dimen-
sional superconducting wires [5] with geometric capacitance C

and kinetic inductance £ is controlled by the parameter [5]

R /c
r=—3 = 9
s\ 7z ©

which is proportional to the square root of the wire cross

section, §.

It follows immediately from the analysis of [5] that, provided
the two superconducting wires depicted in Figure 1a are decou-
pled from each other (i.e., for C,, — 0), one should expect two

independent QPTs to occur in these two wires respectively at
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A1 =2 and at A, = 2 where, according to Equation 9, we define
o= (Rq/S)1 [Cia /51,2- The task at hand is to investigate the
effect of capacitive coupling between the wires on these two
QPTs.

For this purpose let us express the grand partition function of
our system Z= Trexp(—I:I / T ) in terms of the path integral

Z=JDX1JDX2 exp(=S[x112]): (10)

where

1 1
S=—5 ¥ j dxdr [aAz:Uarx,.atx T Cjlo0.x ].)
204 ; i=12 an

- Z yi'fdxdrcos %i
i=1,2

is the effective action corresponding to the Hamiltonian (Equa-
tion 8) and

Yy =ViE/A~ g exp(-ag e ) <1 (12)

denotes the effective fugacity for the gas of quantum phase slips
in the ith wire. Note that, having in mind that the QPS core size
in x- and t-directions is respectively xo ~ € and 19 ~ A™!, in
Equation 11 for the sake of convenience we rescaled the spatial
coordinate in units of x¢, i.e. x — x& and the time coordinate in

units of T, i.e. T — T/A.

In the spirit of Wilson’s RG approach we routinely divide the

x-variables into fast and slow components, ¥; = x,-/ +xf, where

dodg T+
A N
A<@?+q% <A+8A
q
13)
dodg T+
s — IOT+Higx
)= [ e
0 +g <A

Setting 0A/A « 1, expanding in the fast field components X,f
and integrating them out we proceed perturbatively in y; , and
observe that in order to account for the leading order correc-
tions it is necessary to evaluate the matrix Green function at

coincident points which reads
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G/ (0,0) =5

dodg
(27: 2

=2(8A/A)R,

-1
(gAzmz +Lc“—1q2]
A (14)

v .. o xan—1/2
where A :(Rq/S)VC and V=(CL) / is the velocity matrix
for plasmon modes propagating along the wires. The matrix A

has the form

i= !
2
) J a
CcC
%Jri 162
Vi V) V2
_Cm
1 C,Cy
M| — R C_ /8
15 - m/ (15)
_Cn
1 C,C,
R C_ /8 M| —
4 m/ ? V2 M

where v; = I/NIC[E,- is the velocity of the Mooij—Schon modes
in the ith wire in the absence of capacitive coupling between the
wires, i.e. for C, — 0.

Following the standard procedure [29] and proceeding to bigger
and bigger scales A, we eventually arrive at the following RG

equations for the QPS fugacities y and y,:

dlog A B (16)

where A and Ay; are diagonal elements of the matrix A (Equa-
tion 15). Note that here we restrict our RG analysis to the
lowest order in yj  which is sufficient for our purposes. As long
as one keeps only the linear y; 5 terms in the RG equations, all
other parameters of our problem, e.g., A;;, remain un-renormal-

ized.

As it can be observed from Equation 16, our system exhibits
two BKT-like QPTs at Ay; =2 and Ay = 2. In the limit C,,, — 0
the wires are independent from each other, Ay1(22) = Aq(2) and
these QPTs obviously reduce to that predicted in [5]. However,

for non-zero capacitive coupling between the wires, the two

1405



QPTs occur at the values of A » exceeding 2. For the first wire
the corresponding phase transition point is fixed by the condi-

tion

an

The same condition for the second wire is obtained from (Equa-
tion 17) by interchanging the indices 1 « 2.

The above results allow us to conclude that in the presence of
capacitive coupling SIT in both wires occurs at larger values of
A1 2 than in the absence of such coupling. In other words, quan-
tum fluctuations in one of these wires effectively decrease the
superconducting properties of the other one.

It follows from Equation 17 that the magnitude of such mutual
influence depends on the ratio of the plasmon velocities in the
two wires v1/v; and on the strength of the capacitive coupling
controlled by Cy,. Provided the wire cross sections s and s,
differ strongly the plasmon velocities v; OC\/ST also differ
considerably. Assume, for instance, that the first wire is much
thinner than the second one. In this limit we have v; < v, and,
hence, the QPT condition (Equation 17) in the first wire
remains almost unaffected for any capacitive coupling strength.
If, on the contrary, the first wire is much thicker than the second
one, then one has v{ > v, and the condition (Equation 17)
reduces to A,~2/+/1-C2 /(C;C,) demonstrating that the criti-
cal value A can exceed 2 considerably for sufficiently large Cy,

values.
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It is obvious that the strength of capacitive coupling depends on
the distance between the wires. At large distances this coupling
is negligible C,, — 0. However, as the wires get closer to each
other the value Cy, increases and, hence, their mutual influence
increases as well. Let us choose the wire parameters in such a
way that for Cp, = 0 both these wires remain in the supercon-
ducting phase being relatively close to SIT. In this case the pa-
rameters A and A, should be just slightly larger than 2. Moving
the wires closer to each other we “’turn on” the capacitive cou-
pling between them, thus, decreasing both values A; and A, to
less than 2. As a result, two superconducting wires become
insulating as soon as they are brought sufficiently close to each
other. This remarkable physical phenomenon is illustrated by
the phase diagram in Figure 2b.

In order to complete this part of our analysis, we point out that
transport properties can be investigated in exactly the same
manner as was done in [5] in the case of a single nanowire.
Generalization of the technique [5] to the case of two capaci-
tively coupled superconducting nanowires is straightforward.
For a linear resistance of the ith wire R;(T) and for A;; > 2 (or
for any 2; at sufficiently high temperatures) we obtain

R(T)ecy?T? i3, i=1,2. (18)

Extension to other geometries

The effects discussed here can be observed in a variety of struc-
tures involving superconducting nanowires. For instance, super-
conducting nanowires in the form of a meander (see Figure 1b)
are frequently employed in experiments [30]. In this case differ-
ent segments of the wire are parallel to each other being close
enough to develop electromagnetic coupling. Having in mind

the above analysis, one expects that the wire of such a geome-

Figure 2: a) Critical surfaces corresponding to SIT at A11 = 2 and Ay = 2. b) Phase diagram for two capacitively coupled superconducting nanowires
with Ay = 2.01 and Ao = 2.03. Both curves A11(C,y) and Axa(Cr,) decrease and cross the critical line A = 2 with increasing mutual capacitance, Cp,.
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try would be less superconducting” than the same wire that has

the form of a straight line.

For illustration, let us mimic the behavior of the wire depicted
in Figure 1b by considering three identical capacitively coupled
superconducting nanowires parallel to each other. For simplicity
we will assume the nearest neighbor interaction, that is, the
second (central) nanowire is coupled to both the first and the
third nanowires via the mutual capacitance, Cp,,, whereas the
latter two are decoupled from each other. We again assume that
the wires are thin enough and quantum phase slips may prolif-
erate in each of these wires.

The quantum properties of this system are described by the
same effective action (Equation 11) where the inductance and

capacitance matrices now take the form

L 00 c c, 0
L=|0 £ 0|, C=|C, C C,| (19)
00 L 0 Cc, C

and the summation runs over the indices i,j = 1,2,3. Proceeding
along the same lines as in the previous section we again arrive
at Equation 14, where the diagonal elements of the matrix A

now read

(20)

A C C
Aoy =—| J1=~/2—2 + [1+~222 |,
27 \/ V2 C \/ V2 C

A 1 C C
7\,11:7\,3325 1+E \/l—ﬁ?m+\/l+\/§?m (21)

and the QPS interaction parameter A is defined in Equation 9.
We again arrive at the RG equations of the form (Equation 16)
(now with i = 1,2,3). Being combined with Equation 20 and
Equation 21 these RG equations demonstrate that in the pres-
ence of capacitive coupling SETs occur at A;; = 2 implying
A > 2 for each of the three wires. This observation is fully
consistent with our previous results derived for two coupled

nanowires.

Furthermore, the RG equation (Equation 16) with i = 2
combined with Equation 20 also describes the effect of inter-
acting quantum phase slips and QPTs in the wire having the
form of a meander (Figure 1b). In this case, within the approxi-
mation of the nearest neighbor, capacitive interaction between

the wire segments QPT occurs at

Beilstein J. Nanotechnol. 2020, 11, 1402—-1408.

(22)

5= 4
C c,
1—«/§m+\/l+«/5m
\/ C C

that is, the critical value of the parameter A exceeds 2 as soon as
the mutual capacitance Cy, differs from zero. As it is clear from
Equation 20 and Equation 21, the approximation of the nearest
neighbor interaction appears to be well justified in the limit
Cp, < C. For stronger interactions with Cy, ~ C this approxima-
tion most likely becomes insufficient for a quantitative analysis.
However, on a qualitative level our key observations should
hold also in this case: A nanowire in the form of a straight line
with A slightly exceeding the critical value 2 should demon-
strate superconducting-like behavior with R(T) o< 7223 [5]
whereas a wire with exactly the same parameters may turn insu-
lating provided it has the form of a meander with capacitive
coupling between its segments.

Conclusion

We have analyzed the effect of quantum fluctuations in capaci-
tively coupled superconducting nanowires. We have demon-
strated that plasma modes propagating in one such nanowire
play the role of an effective quantum environment for another
one, modifying the logarithmic interaction between quantum
phase slips in this wire. As a result, the superconductor—insu-
lator quantum phase transition gets shifted in a way to increase
the parameter range for the insulating phase. Hence, supercon-
ducting nanowires may turn insulating provided they are
brought close enough to each other. It would be interesting to
observe this effect in forthcoming experiments with supercon-
ducting nanowires.
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A broadband low-noise four-stage high-electron-mobility transistor amplifier was designed and characterized in a cryogen-free

dilution refrigerator at the 3.8 K temperature stage. The obtained power dissipation of the amplifier is below 20 mW. In the fre-

quency range from 6 to 12 GHz its gain exceeds 30 dB. The equivalent noise temperature of the amplifier is below 6 K for the

presented frequency range. The amplifier is applicable for any type of cryogenic microwave measurements. As an example we

demonstrate here the characterization of the superconducting X-mon qubit coupled to an on-chip coplanar waveguide resonator.

Introduction

Quantum microwave devices are widely used for different ap-
plications ranging from radio astronomy [1-3] to quantum infor-
mation processing circuits [4]. The latter include the most chal-
lenging and attractive topics such as quantum bits (qubits) [5],
quantum dots [6], microwave single-photon detectors [7], high-
quality resonators [8], superconducting microwave beam split-
ters [9], and other circuit quantum electrodynamics structures

aimed to be used as elements for quantum processors. The ex-

perimental study of the abovementioned quantum devices
requires precise low-noise readout electronics including low-

noise amplifiers [10].

Two main low-noise amplifiers parameters are small equivalent
noise temperature (7,,) and relatively high gain (G). The super-
conducting qubit measurement setup requires particular low-

noise amplifiers applicable for cryogenic temperatures. An im-
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portant point is that cryogenic low-noise amplifiers (cLNAs) are
wideband noise sources itself. In the superconducting qubit ex-
perimental setup the noise generated from a cLNA is intro-
duced to the sample, which might be crucial for the main qubit
parameters, especially for the relaxation time 7 and coherence
time 7. Therefore, cryogenic microwave isolators are used be-
tween the sample and the cLNA.

Most of the modern cryogenic amplifiers operate at tempera-
tures of liquid helium [11-16] and are, usually, placed at the 4 K
stage of dilution refrigerators. These amplifiers can be imple-
mented using two modern semiconductor transistor technolo-
gies, that is, high-electron-mobility transistor (HEMT) technol-
ogy, including GaAs and InP, and SiGe heterojunction bipolar
technology (HBT). Recently, it has been shown that cryogenic
amplifiers based on SiGe HBT [16-18] can provide low noise
levels and high gain at 4 K. They are suitable for supercon-
ducting qubit readout [25,26] and radio astronomy systems
[12,14].

In order to obtain high gain values for C (ranging from 4 to
8 GHz) and X (ranging from 8 to 12 GHz) frequency bands the
number of amplification stages of the HBT cLNA should be in-
creased. This leads to an increase of the total power dissipation
in the dilution refrigerator, which makes its operation unstable.
In contrast, using modern HEMT technology allows one to
implement cryogenic amplifiers with high gain values for a
wide frequency range up to tens of gigahertz [11,13,19]. Most
of them are based on monolithic microwave integrated circuit
(MMIC) technology, which yields outstanding noise parame-
ters in the C and X frequency bands. However, for some appli-
cations a flexible amplifier design is needed. Indeed, there are
known schematic realizations of cLNAs based on discrete com-
ponents [11,17,20-24]. The experimental characteristics of the
presented amplifiers show that they do not provide gain values
of more than 30 dB in the frequency range from 8 to 12 GHz.
The evolving semiconductor technology provides the modern
market with state-of-art commercially available transistors to
substitute old types. A new type of commercially available tran-
sistors was used for the cLNA presented in this paper. A reali-
zation of a microwave frequency cLNA design, based on com-
mercially available HEMT transistors, requires accurate and
precise matching and an appropriate selection of passive com-

ponents for liquid-helium temperatures.

In this paper we show that an accurate microwave matching
circuit design based on commercially available transistors
yields low-cost stable cryogenic low-noise amplifiers with a fre-
quency range up to 12 GHz. The implemented cLNA has the
following parameters: a gain value of more than 30 dB for a fre-

quency range from 6 to 12 GHz and an equivalent noise temper-
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ature below 6 K. The cLNA has 50 Q input and output termina-
tions and can be installed in a microwave measurement setup at
the 4 K stage of modern dilution refrigerators. The imple-
mented amplifier was tested by superconducting X-mon qubit
measurements. In order to measure the X-mon qubit parameters
the standard low signal power one microwave tone [25,26] and
two microwave tone [27] spectroscopy experiments were per-
formed.

Results and Discussion

Cryogenic four-stage low-noise amplifier
design

The amplifier design was optimized for low noise, adequate
gain, and appropriate output matching at cryogenic tempera-
tures. The latter is important for better matching with room-
temperature amplifiers. CE3512K2 GaAs pseudomorphic
HEMT transistors made by CEL were used. The transistors
were selected with regard to the two following parameters:
minimum noise figure (NF) of 0.3 dB and minimum required
value of associated gain of 12 dB at a frequency of 12 GHz. The
design was optimized for the frequency range from 6 to
12 GHz, which fits to most of modern qubit measurement
setups. We used the available S-parameters of the transistor for
the matching circuit design. From a circuit simulation with ideal
components a minimal gain value of more than 36 dB at 300 K
in the frequency range from 6 to 12 GHz was obtained. For the
next step we used the real S-parameters of passive circuit com-
ponents placed on a dielectric substrate. High-frequency edged
trimmed block resistors with a 0402 package size from Vishay
company were used in drain and gate biasing lines. The appro-
priate selection of the resistors in cryogenics is a crucial point in
amplifier implementation. We should mention that the first
stage of the amplifier does not have a gate resistor in its circuit.
One of the reasons is a noise reduction, which is introduced to
the input circuit of the amplifier. For increasing the circuit
stability around 10 GHz and better matching, 10 Q gate resis-
tors were used for the second and the fourth stage. Multilayer
ceramic capacitors with COG dielectric material in a 0402
package were used. Murata ceramic core coils with 0201 SMD
package size and a self-resonance frequency of about 20 GHz
were used for gate and drain power supply circuits. All passive
components, for example, microwave capacitors, coils, and
precision resistors were measured before at liquid helium tem-
perature for obtaining the spread of nominal parameters. The
amplifier was assembled on a Rogers RO 4350 substrate and the

matching circuits were carried out as microstrip lines.
The amplifier was mounted inside a brass box separated into

two chambers. Each chamber contains two stages of the ampli-

fier. The separation was made in order to avoid standing waves
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Figure 1: Schematic of the 6-12 GHz cryogenic LNA. The important component values are: C1 = 0.6 pF, C» =0.3 pF, C3=0.2pF,L1=0.8nH, L, =
0.8nH,L3=06nH,Ls4=3nH,R1 =10Q, R> =18 Q, R3=25Q, R4 =25 Q, R5 = 10 Q. The capacitors and resistors are realized in 0402 packages
and the inductances are realized in a 0201 package (OSt.: open stub lines). The other passive components do not affect to the signal matching and

are used for filtering of the bias lines.

and self-resonances in the box in the operation frequency range.
We did an electromagnetic simulation of the box and it showed
us the absence of self-resonances in a frequency range from 1 to
12 GHz. The substrate was soldered directly to the brass box
and SubMiniature version A (SMA) connectors with a speci-
fied frequency range up to 12 GHz were soldered directly to the
microwave laminate. The feedthrough filters were used as the
input biasing electrodes and the power supply cables from a
micro-D cryostat connector were soldered directly to them. The
first two stages of the amplifier circuit are presented in Figure 1.
The third and the fourth stage are identical. One of the key ele-
ments in the matching circuits is an open stub line (marked as
OSt. in Figure 1) in the gate circuit of the input stage and in the
drain circuit of the second and the fourth stage (Figure 2).

Figure 2: Realization of the cryogenic LNA.

Cryogenic LNA characterization

The measurement system of the amplifier was based on a
10 mK closed-cycle dilution refrigerator where the amplifier
was installed and fixed with screws to the copper holder at the
4 K plate. We used standard 2.2 mm CuBe 50 Q coaxial micro-
wave lines between 4 K stage and room-temperature SMA
flange as input and output signal lines installed into the dilution
refrigerator for the S-parameter and noise temperature measure-
ments of the amplifier. The simplified measurement scheme is
presented in Figure 3. In order to reduce the input signal level,
to perform thermal anchoring at each stage, and to prepare the
noise measurement setup, cryogenic broadband 10 dB and
20 dB attenuators were installed at the 50 K flange and the 4 K
flange, respectively. Moreover, with the described setup we
were able to perform gain and noise measurements during one
cooldown without rebuilding the measurement scheme and
warming up the cryostat. An additional channel with identical
microwave coaxial cables and cryogenic attenuators was used
for compensating the losses and calibrating the noise tempera-
ture. It is marked as satellite line in Figure 3. A short 2.2 mm
50 Q coaxial cable with SMA termination was used to connect
the satellite lines. Gain and noise properties of the amplifier

were characterized at the exact temperature of 3.8 K.

We designed and implemented an independent eight-channel
power supply unit based on Pb batteries, which allowed us to
bias drain and gate circuits of each stage independently. The
S-parameters of the designed cLNA and the satellite lines were
measured using a vector network analyzer (VNA) in a frequen-

cy range from 4 to 13 GHz and with an output signal power
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Figure 3: Noise and gain measurement setup. (a) Calibration lines (left-hand side sketch) and gain measurement setup (right-hand side sketch). (b)

Noise measurement setup for the cryogenic LNA.

level of =20 dBm. The total power applied to the input of the
cLNA was lower than =50 dBm. We performed transmission
measurements of the satellite lines and calibrated our measure-
ment setup according to the loss rate. The gain curve is
presented in Figure 4. We were not able to measure the reflec-
tion coefficients during the cooldown because of the setup fea-
tures. The output reflection of the cLNA |S,,| was measured
separately and the reflection level did not exceed —10 dBm for
the presented frequency range.

60 Tamb=3.8K 8

40
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-20 4

|S21] (dB)

-40 -

Noise Temperature (K)

-60

-80 4
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Figure 4: Gain and noise temperature of the cryogenic LNA at the ex-
perimental temperature of 3.8 K.

The noise measurement procedure required an approach with
higher precision. In this work we estimated the highest equiva-
lent noise temperature level. We used the VNA in the spectrum
analyzer mode and measured the power noise density at the
output of the setup. In order to increase the sensitivity we
applied an additional low-noise broadband room-temperature
microwave amplifier (see rLNA in Figure 3a) directly to the
300 K cryostat SMA output flange. The gain G, and noise P,
properties of the TLNA were characterized before by means of a
calibrated noise source and the Y-factor procedure [28]. In
order to terminate the input line we placed a broadband 50 Q
load at the cryostat microwave input at the 300 K flange SMA
connector, see Figure 3b. Using the setup shown in Figure 3b
we measured the total noise power density Py, in the frequen-

cy range from 6 to 12 GHz. It is defined as

Fotal = At + BGy + Pyna (1

where P is the cLNA input power noise density, PG> is the
output power noise density of the room-temperature low-noise
amplifier, PyNa is the spectrum analyzer self-noise, and ¢ is the
transmission coefficient from the input of the cLNA to the
output of the rLNA. It is defined as
(=A%, @)
L

‘out
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where L, is the loss rate of the output line calibrated previ-
ously. All variables are in the linear scale. The output line loss
coefficient depends linearly on the frequency. First, we ob-
tained the power noise density of the cryogenic LNA with an
exception of rLNA noise and VNA noise, Pt = Py — P2Go —
Pyna- Then the power noise density related to the input, Py,
was obtained and the equivalent noise temperature was calcu-

lated according to the formula

i
Tng =
Na T 3)

The noise curve is presented in Figure 4 and the equivalent
noise temperature does not exceed 6 K for the frequency range
from 6 to 12 GHz. The minimum noise temperature of 4 K was
obtained at 10 GHz. This can be explained by better noise
matching at 4 K where the parameters of the passive compo-
nents are slightly different. The amplifier parameters measured
at 3.8 K are summarized in Table 1. The amplifier exhibits low
equivalent noise temperature and high gain. Therefore, it is suit-
able for the superconducting qubit readout.

Table 1: The main parameters of the cryogenic LNA.

Gmin BW max Tnoise Pcons Tamb
[dB] [GHz] (K] [mW] [K]
30 6-12 6 20 3.8

The main parameters in Table 1 were obtained for the optimum
working points for each amplifier stage with the following oper-
ating drain currents: Ig] = Igp = 3.3 mA, Ig3 = 5.8 mA, gy =
6 mA. Increasing the drain working currents to 10 mA does not
lead to an increase of gain but significantly increases the noise
temperature to 15 K with a total power consumption of 73 mW.
It is important to note that during the cLNA and qubit measure-
ment experiments the dilution refrigerator was working stable
with a constant Hes/He4 mixture flow rate and with stable tem-

perature values at each cooling stage.

X-mon qubit characterization

The implemented cryogenic LNA is dedicated for measure-
ments in a frequency range from 6 to 12 GHz and it was
installed at the 4 K stage of the dilution refrigerator. The sensi-
tivity and measurement speed of the full measurement setup is
obviously defined by the signal-to-noise ratio and, thus, by the
gain and the noise temperature of the cLNA.

The sample under study contained superconducting X-mon
qubits coupled to coplanar quarter wavelength resonators. Each

resonator was coupled to a single qubit. The sample was made
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at the BMSTU Nanofabrication Facility (FMN Laboratory,
FMNS REC, ID 74300) using Al technology [29,30]. The
X-mon qubit was made of two Al/Al,O,/Al parallel Josephson
junctions forming a SQUID-type structure coupled to the main
ground plane. The standard spectroscopy experiments were
carried out using low input signal powers.

The qubit measurement setup is presented in Figure 5 where the
designed and implemented amplifier is marked as cLNA. In
order to decouple the sample from external noise sources we
used two cryogenic circulators (marked as CC1 and CC2 in
Figure 3) installed in series at the output of the sample and
wideband cryogenic attenuators installed in a microwave input
line, see Figure 5. The two circulators placed in series at the
10 mK stage had a direct loss rate of about 4 dB and a return
loss rate of about 40 dB in our measurement frequency range.
Their main function was to isolate the sample from cLNA

noise.

p-wave generator

rLNA|
+30dB|

BF-LD400

Figure 5: The X-mon qubit measurement setup. The implemented
amplifier is marked as cLNA and the room-temperature amplifier is
marked as rLNA. CC1 and CC2 are cryogenic circulators with 50 Q
termination (LPF: low-pass filter for the superconducting coil line, CS:
high-precision current source). The following setup was installed in a
BlueFors BF-LD400 dilution refrigerator.

Wideband cryogenic attenuators (marked as 10 dB and 20 dB)

for room-temperature noise suppression and noise suppression
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of each next following temperature stage were placed accord-
ing to the scheme in Figure 5. The VNA and a wideband stable
microwave sweeping signal generator (marked as “p-wave”
generator in Figure 5) were used for spectroscopy measure-
ments. The standard heterodyne measurement method was used.
A superconducting Nb coil was used for tuning the qubit eigen-
frequency for each experiment. The coil was biased by means
of a highly stable current source (marked as CS in Figure 5).
The sample was placed in the copper sample holder with Pb and
Mu-metal electromagnetic shields at the 10 mK temperature
stage. A two-stage differential low-pass filter (marked as LPF)
with 10 kHz bandwidth and wide stopband frequency range was
implemented characterized and installed into the measurement
system at the 4 K temperature stage of the diluton refrigerator.
Since the power level of the measured signal applied to the
sample was approximately —120 dBm and the gain of the cryo-
genic LNA was 30 dB, an additional room-temperature low-
noise microwave amplifier (marked as rLNA in Figure 5) was
used. It was dedicated to increasing the signal level at the output
of cLNA before data acquisition. The rLNA did not influence
the signal-to-noise ratio of the measurement system since this
parameter is mainly defined by the cLNA output noise. The
rLNA noise figure corresponded to 2.1 dB with a gain value of
about 40 dB for the frequency range from 6 to 13 GHz.

The transmission |So1| of the sample was measured and the reso-
nance frequencies of resonators were defined in the frequency
spectrum from 6 to 9 GHz. We defined a resonator funda-
mental frequency of fiy = 7.0554 GHz and experimentally char-
acterized the qubit responce. First, one-tone spectroscopy was
carried out. The transmission of a sweeping microwave signal
through the sample in a frequency range of 7.05-7.06 GHz
for different DC bias currents, producing an external
magnetic field, was measured. The obtained curve is shown in
Figure 6.

Here, the horizontal axis is a sweeping DC magnetic field in
current values, the vertical axis is the sweeping frequency of a
probing microwave signal and the color intensity graph shows
the normalized transmission amplitude |S,| in units of dB,
where O corresponds to a normalized maximum transmission.
Due to the magnetic flux quantization the qubit characteristic
has periodic behavior. The maximum shift of the resonance fre-
quency corresponds to a so called “sweet spot” and the distance
between two sweet spots corresponds to the magnetic flux
quantum ®y. We would like to mention that the current graph
was obtained with 100 Hz of the intermediate frequency VNA
filter bandwidth and for our experimental setup only four aver-
ages were required. In this sense, the cLNA reduces the mea-
surement time of the experiment, which is especially important

for preliminary qubit experiments.
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Figure 6: The qubit “sweet spot”. The transmission (color intensity
graph with the blue color corresponding to the maximum and the red
color corresponding to the minimum) at the resonator resonance fre-
quency depending on the external flux bias for the frequency range
from 7.0515 to 7.0595 GHz (vertical axis) and a constant probing
power of —120 dBm.

We have performed also a standard two-tone spectroscopy mea-
surement using an additional stable wideband microwave gener-
ator, marked as “p-wave generator” in in Figure 5 and a resis-
tive power combiner. We applied two microwave tones, that is,
first a probing signal tone and then sweeping driving signal
tones in a frequency range of 6.4—7.1 GHz. The powers applied
to the sample after the input line attenuation were —120 dBm for
the probing signal tone and —80 dBm for the driving signal tone,
respectively. We defined the qubit spectrum depending on the
external flux bias and found a minimum qubit energy gap of A
= 6.625 GHz. The qubit spectrum as a function of the current is
shown in Figure 7. Here, the transition |g)—|e) is shown.
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Figure 7: The qubit spectroscopy. The transmission dependence of
the probing signal (color intensity graph) on the bias current (hori-
zontal axes) for different values of driving signal frequency in a range
from 6.4 to 7.1 GHz (vertical axes).
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Conclusion

The characteristics of a low-noise cryogenic microwave ampli-

fier and the measurement of a superconducting X-mon qubit are

shown. The amplifier has a gain of more than 30 dB and a noise

temperature lower than 6 K and is suitable for any high-sensi-

tivity experiments in the presented frequency range. It is also

necessary to mention that, during the qubit measurements with

the implemented cLNA, the cryostat operating parameters, that

is, the temperature of the stages and the cryostat He;/He4 mix-

ture flow rate, were stable. The two-tone qubit spectroscopy ex-

periment shown in this paper required about 48 h of continued

measurements with the operating amplifier. The spectrum does

not have any artifacts and shows a defined dependence on the

external flux. Therefore, we conclude that the main parameters

of the amplifier were stable during this time. From the noise

curve it is seen that it is possible to achieve a noise temperature

of 4 K. This fact can be explained by a better noise matching for

this particular cryogenic temperature.
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Abstract

Of all modern nanosensors using the principle of measuring variations in electric conductance, point-contact sensors stand out in
having a number of original sensor properties not manifested by their analogues. The nontrivial nature of point-contact sensors is
based on the unique properties of Yanson point contacts used as the sensing elements. The quantum properties of Yanson point
contacts enable the solution of some of the problems that could not be solved using conventional sensors measuring conductance. In
the present paper, we demonstrate this by showing the potential of quantum point-contact sensors to selectively detect components
of a gas mixture in real time. To demonstrate the high efficiency of the proposed approach, we analyze the human breath, which is
the most complex of the currently known natural gas mixtures with extremely low concentrations of its components. Point-contact
sensors allow us to obtain a spectroscopic profile of the mixture. This profile contains information about the complete set of energy
interactions occurring in the point contact/breath system when the breath constituents adsorb to and desorb from the surface of the
point-contact conduction channel. With this information we can unambiguously characterize the analyzed system, since knowing
the energy parameters is key to successfully identifying and modeling the physicochemical properties of various quantum objects.

Using the point-contact spectroscopic profile of a complex gas mixture it is possible to get a functional dependence of the concen-
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tration of particular breath components on the amplitude of the sensor output signal. To demonstrate the feasibility of the proposed

approach, we analyze the point-contact profiles from the breath of several patients and compare them with the concentrations of

serotonin and cortisol in the body of each patient. The obtained results demonstrate that the proposed methodology allows one to

get an effective calibration function for a non-invasive analysis of the level of serotonin and cortisol in the human body using the

point-contact breath test. The present study indicates some necessary prerequisites for the design of fast detection methods using

differential sensor analysis in real time, which can be implemented in various areas of science and technology, among which medi-

cine is one of the most important.

Introduction

The functioning of devices comprising low-dimensional struc-
tures as basic elements depends on quantum effects, which play
a crucial role in the unique properties of nanomaterials [1,2]. In
order to achieve the maximum efficiency in using nanostruc-
tures, a comprehensive use of the fundamental scientific basis is
necessary to open up opportunities for the creation of new
devices and technologies. This approach to enlarging the variety
of analytical tools includes using Yanson point contacts as the

basic element of quantum sensor devices [3,4].

Of all modern nanosensors measuring a variation in electrical
conductance, point-contact sensors have a number of unique
properties. The nontrivial nature of point-contact sensors is
based on the distinctive properties of the Yanson point contacts
[4], used as the sensing elements. Spectral studies clearly
demonstrate the fundamental difference between Yanson point
contacts and traditional electrical contacts. The latter normally
behave as bulk conductors of electric current without spectral
properties. In contrast, Yanson point contacts display quantum
properties that enable the direct measurement of the interaction
between electrons and various quasiparticles, such as phonons
or magnons [5,6], the observation of the spectral aspects of pro-
cesses occurring in the superconducting state [7,8], and the ex-
traction of spectral information from the electric noise [9]. Sim-
ilar advantages arise in sensor studies. In this case, Yanson
point contacts are responsible for the unique properties of point-
contact sensors, which make them different from the existing
analogues. In sensor studies, the quantum properties of Yanson
point contacts solve the problems that could not be solved when
analogues were used to measure the variation in electrical
conductance. This can be exemplified by the new quantum
mechanism of selective detection in gaseous and liquid media
[10] and by the possibility of real-time detection of carcino-

genic strains of Helicobacter pylori [11].

The original properties of point-contact sensors significantly
contribute to their functionality and lay the foundation for a
wide spectrum of new applications and solutions to new com-
plex problems. In the present paper, we demonstrate the unique

property of a quantum point-contact sensor to selectively detect

components of a gas mixture in real time. The importance of
using point-contact sensor devices to solve complex problems is
highlighted by, at least, two facts. First, our analyzed medium,
the human breath, is the most complex of the currently known
natural gas mixtures. Second, the concentrations of the compo-
nents that are quantitatively related to the detected substances
are extremely low in the mixture.

The human breath is a complex biological medium, which
contains more than 2000 components [12]. It has been widely
studied by using a broad spectrum of techniques [13]. The main
goal of these studies is to find peculiarities of the human metab-
olism that are typical of various diseases and to develop new
noninvasive medical diagnostic methods. The functioning of the
human body is accompanied by the biosynthesis of specific
chemical substances. These substances become part of the
exhaled breath and, as such, can be used as markers for breath
characterization. Hence, it is important to detect single compo-
nents of the exhaled breath for medical purposes.

Mass spectrometry, gas chromatography—mass spectrometry, as
well as various optical spectroscopy techniques are successful-
ly used to detect substances in the breath [14-20]. Yet, the high
costs of the equipment and the need for highly skilled staff to
operate and maintain it impede the large-scale implementation
of these techniques in daily medical practice. From this point of
view, it seems promising to use sensor devices to analyze the
breath [21-23]. The main advantage of using sensors is that they
are portable, inexpensive, and easy to use [24,25]. Gas sensors
can detect breath components in extremely low concentrations
and, thereby, they enable the development of medical diag-
nostic methods based on the concept of marker identification.
However, this approach has a significant drawback since the
processes happening in complex gaseous media are highly
dynamic. Therefore, it negatively impacts the efficacy of
medical diagnosis.

In the breath, there is a high possibility of interactions between

the components, similarly to any multicomponent medium that

contains substances of different chemical nature [26]. These
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interactions may eventually result in significant changes not
only in the concentrations of the original components, but also
in the chemical composition of the gas mixture. The breath
contains oxidizing agents (e.g., nitrogen oxides, carbon oxide,
and sulfur oxides), reducing agents (e.g., hydrogen sulfide,
ammonia, mercaptans, and organic molecules), and other chem-
ically active components that can participate in various chemi-
cal transformations. It is known, for example, that hydrochloric
acid interacts almost instantaneously with ammonia to form
NH4CI. Therefore, there is a high probability that the composi-
tion of the human breath medium is transformed after it is
formed in the human body and before it is released in the atmo-
sphere. It should also be noted that the new compounds formed
as a result of these interactions can be catalysts for new chemi-
cal reactions. This leads to a change in the original state of the
breath, which may cause false-positive or false-negative results
in medical diagnosis [27,28]. This problem has motivated the
development of an alternative approach to analyze the breath,
which is based on the inherent characteristics of the gas mix-
ture. This new approach aims to obtain an integral portrait of
the analyzed complex gas mixture, which is called the “breath
profile” or the “breath fingerprint” [13]. Generally, the breath
profile can be obtained by finding the complete composition of
the breath, the concentration of its components, and the
temporal dynamics of the changes in breath composition. In the
case of a medium with more than 2000 components, this is a
difficult task even for the most modern sensor devices. This
problem is solved by using sensor devices known as “electronic
noses” [29]. These modern systems can obtain up to a few
dozens of points for the breath profile. But this is not enough to
get a comprehensive portrait of the analyzed breath medium,
which contains hundreds or thousands of components. As a
consequence, there is a high probability of low reproducibility
of the results obtained under different experimental conditions
or in a series of independent experiments performed in differ-
ent locations and over different periods of time.

It is clear that the process to obtain a complete dataset of a real
breath profile at a specific time interval is extensive and time-
consuming. In addition, it does not guarantee reliable results. To
avoid these risks, new approaches must be developed. Quan-
tum detection offers several possibilities to find and implement
new mechanisms to selectively detect various substances.
Therefore, it has the potential to become a breakthrough ap-
proach [4,10].

To implement the new quantum approach in sensor technology,
new tools with unusual quantum properties need to be de-
veloped and applied. These new sensor devices can be based on
Yanson point contacts [3,4]. Yanson point contacts are well

known as the main instrument of Yanson point-contact spec-
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troscopy [5,6]. They are quantum objects that are easy to
produce and use. In addition, they are a source of unique infor-
mation that is hard or even impossible to obtain with other
methods. Yanson point contacts have a number of unique elec-
trophysical properties, one of them being the nonequilibrium
electron distribution function, which is formed in the current
state of the point contact [30]. This function reflects the pres-
ence, in the area of a point contact, of a group of electrons in
nonequilibrium states, which is formed as the electrons get
accelerated by the electric field of the contact. The electric field
is concentrated in the Yanson point contact area due to a specif-
ic electric drop in the potential in that area as the current flows
through the electrode/point contact/electrode system. Upon
crossing the area of the Yanson point contact, electrons are
excited and transition to a nonequilibrium state. Then, the elec-
trons gradually relax as they interact with quantum quasipar-
ticle excitations and other objects. This process is fundamental
for Yanson spectroscopy of electron—phonon interactions [30]
and is responsible for the unique properties of point-contact

sensors [4].

Point-contact sensors can detect single substances [31,32] and
also obtain an integrated profile of a complex gas mixture
[4,11]. This profile contains information about the complete set
of energy interactions that take place in the point contact/ breath
system. As a result, the obtained function can unambiguously
characterize the analyzed system, since the knowledge of the
energy parameters is the key to successfully identifying and
modeling the physical-chemical properties of various quantum
objects. In the present paper, by using the quantum properties of
Yanson point contacts, we propose a new method that selec-
tively detects the breath components based on the point-contact

energy profile of this complex gas mixture.

Experimental

In the present paper, we studied the breath of patients treated at
the State Institution "Institute for Children and Adolescents
Health Care at the National Academy of Medical Sciences of
Ukraine", within the framework of the program that studies the
fundamental mechanisms of disease development in the upper
gastrointestinal tract. The development and testing of the
method to detect the breath components involved patients in the
age range between 12 and 18 years who had functional
dyspepsia. The average age of the participants was 15.5 years.
The study involved a total of 40 participants, among which 22
were male and 18 were female patients. Patients younger than
12 and older than 18 years old, or who had at least one of the
following symptoms, such as acute diseases, fever, uninten-
tional weight loss, blood vomiting, melena, anemia, leukocy-
tosis, or destructive changes in the mucosa of the upper diges-

tive tract were excluded from the studies.
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The clinical diagnosis was made based on the medical history of
the patients, complaints of the patients, and results obtained
from physical examination. Special attention was paid to the
identification and detailing of clinical symptoms based on the
medical history, the presence of a family history of digestive
system lesions, and disease duration, in accordance with the
Rome IV criteria [33]. All patients received a full medical
examination identical to the previously described procedures
[11].

The breath profile was registered using point-contact sensor
matrices based on tetracyanoquinodimethane (TCNQ) com-
pounds [34] in accordance with the method we developed and
verified in our earlier medical studies [11,35]. A point-contact
sensor matrix is a structure consisting of a large number of me-
chanically stable Yanson point contacts. These contacts corre-
spond to point contacts produced using the Chubov technique
[36], which is the most efficient technique used in Yanson
point-contact spectroscopy [4,5]. The density of the primary
nanostructured sensing elements in the sensor matrix was be-
tween 5 x 10* and 6 x 10* Yanson point contacts per square

millimeter of the observable surface.

The mesoscopic point-contact sensor matrix has a small inte-
grated source of energy, which is manufactured with a special
technique during the synthesis of this nanostructure. The pro-
duction of the energy source and the matrix as a whole is based
on electrochemical processes described previously [34,37,38].
The applied technology guaranteed high reliability and
longevity to the sensor elements. Point-contact sensor matrices
can function autonomously without an external energy source

for more than a year even under field conditions [11].

The portable sensor system used for this study was developed
by us earlier and consists of the following main elements [39]: a
holder with an electrical connector for the sensor, which also
has all the necessary elements for communication and transmis-
sion of the sensor signal to the recorder; a programmed
recorder, which can not only register the sensor signal and
transmit it to a computer, but also function as a signal amplifier
if necessary; a computer with an original software (developed at
the B. Verkin Institute for Low Temperature Physics and
Engineering of the National Academy of Sciences of Ukraine)
used for storing information and performing real-time data anal-

ysis.

The process of obtaining the breath profile starts when the
sensor is mounted on the electrical connector at the upper end
of the holder, before the measurements are taken. Then, a
disposable hood, in the form of a removable cone-shaped tube,

used for the formation of a cell containing the sensor, is at-
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tached to the upper end of the holder. During the measurement,
this cell is kept inside the mouth of the patient for 1 min. Thus,
the sensor is directly exposed to the breath of the patient. Any
influence from the external environment can be excluded. The
optimal exposure time was experimentally selected based on
previous studies [11,35,40]. It corresponds to the period of time
required to have all breath components interact with the sensing
elements of the point-contact sensor matrix. When the exposure
is over, the sensor cell is removed from the mouth and the re-
laxation of the sensor in the ambient atmospheric environment
begins. The relaxation time depends on the composition of the
breath and usually is in the range of 1-3 min. Thus, the whole
process of registering the breath profile occurs in real time.
After the relaxation, the sensor is ready for the next measure-
ment. To increase the reproducibility and reliability of the ob-
tained results, we made three consecutive measurements for
each patient. According to the methodology we developed
earlier for obtaining breath profiles [11,35], the measurements
must be taken after the patient fasted overnight. On the day of
the experiment, the patients did not take any medication. The
fulfilment of these requirements guarantees the maximum
exclusion of any side factors and effects that could alter the
characteristic breath profile of a patient.

A heating of the sensor in order to prevent condensation of the
exhaled breath inside the sensor holder was not performed in
our studies since it is the condensate from the exhaled gas that
activates the sensing element. A condensate film formed on the
gas-sensing surface switches on the autonomous power supply
of the sensing element, enabling the observation and measure-
ment of the dynamics of resistance variation during the expo-
sure and relaxation periods. This is due to the fact that, in the
process of exposure, components of the exhaled breath diffuse
through the condensate film to the surfaces of the conduction
channels of the point-contact matrix. This impacts the resis-
tance characteristics of each one of the point-contact nanostruc-
tures and, as a result, the resistance of the whole matrix.

The metabolic profile of a patient is registered by measuring the
dependence of the electrical conductance of the point-contact
sensor matrix with time. This dependence is called the response
curve. The complete metabolic profile of the patient is obtained
through the response curves measured during the exposure and
relaxation of the sensor.

A set of 49 sensors was manufactured for the study. To avoid
the influence of any variation in some of the electrical parame-
ters of the sensor on the experimental results, we selected sam-
ples with the most similar parameters. All manufactured sam-
ples were tested using the breath media from healthy partici-

pants as a control. Cluster analysis of the testing results using
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the criteria we developed earlier [41] was performed to select
sensors with the most similar parameters. As a result of these
procedures, a set of 25 sensors was selected in which any pair
of sensing elements had a very similar response to the analyzed
gas mixture [34,41].

To test the proposed new method in which single components
of a complex gas mixture are selectively detected using point-
contact sensors, serotonin and cortisol were chosen as the
substances to be detected. The concentration of these substances
was obtained from the breath of the patients during the medical
studies. These substances were selected because of the impor-
tant role they play in the metabolic processes of the human
body.

Serotonin (5-hydroxytryptamine, C;oH,N,0) has several bio-
logical functions [42,43]. It plays an important role in regu-
lating human psycho-emotional states [44,45]. The serotonin
concentration increases during euphoria and decreases during
depression and this is why serotonin is often called the
“hormone of happiness”. Serotonin participates in the physio-
logical regulation of various functions of the digestive organs,
including gastric secretion and motility [46-48]. Between 60%
and 90% of all serotonin generated in the human body is pro-
duced in the digestive tract [49], which is where this amine

becomes part of the exhaled breath.

Cortisol (11B,17a,21-trihydroxypregn-4-ene-3,20-dione,
Cy1H300s5) is a biologically active hormone produced by the
adrenal cortex. It belongs to the class of glucocorticoid
hormones [50] and it controls several functions in the human or-
ganism [51]. For example, it participates in the carbohydrate,
lipid, and protein metabolism, is responsible for the energy
conservation in the organism, and affects the synthesis of cellu-
lar enzymes. Cortisol generates the defense reactions of the or-
ganism against external threats and stressful situations [52];
therefore, it is called the “stress hormone”. In the case of heavy
stress, cortisol changes the muscle activity by decreasing their
glucose consumption and stimulating its arrival to other organs.
Cortisol prevents the secretion of substances in the organism
that can cause inflammation [53]. At the same time, a high level
of cortisol inhibits the immune system and worsens the ability
of the organism to resist against infections and other harmful
factors [54].

A comprehensive study of how the concentrations of serotonin
and cortisol vary in the human body can promote a better under-
standing of various disease mechanisms and help to find new
approaches for improving medical treatment. Overall, this con-
tributes to the development of new noninvasive tests for the

detection of these hormones.
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The concentration of serotonin in the blood was determined by
the fluorometric method [55,56] whereas the concentration of
cortisol in the blood serum was determined via the enzyme-
linked immunoassay using the reagents produced by the NPL
Granum company (Kharkiv, Ukraine).

Statistical calculations were made using the WEKA data mining
software [57]. Additional control and verification of the results
were performed with the SPSS statistical package [58]. The data
were processed statistically using the standard parametric and
nonparametric methods [59].

Ethics

The research protocol was approved by the Institutional Review
Board and the Ethical Committee of the State Institution "Insti-
tute for Children and Adolescents Health Care at the National
Academy of Medical Sciences of Ukraine". All the patients
gave their written consent to participate in the study.

Results and Discussion

The idea of the method proposed here is based on the fact that
any spectrum contains the energy information about the compo-
nents of a system and their interactions. This paradigm is
actively used as the basis of many research methods and tech-
niques (e.g., optical spectroscopy). The application of the
energy approach to solve practical problems is often limited by
the complexity of the systems under study and the lack of
simple and reliable tools to measure and analyze processes. The
implementation of innovative mechanisms based on the quan-
tum properties of objects and the usage of quantum tools and
methods provide new unlimited opportunities for the develop-
ment of technologies based on the principles of data collection

and analysis of energy.

Earlier, we proposed to use the information about energy pro-
cesses occurring in the breath for its detection and analysis [11].
The idea was feasible and could be implemented using appro-
priate tools that met the basic requirements for modern sensor
technology, including simplicity, high efficiency, portability,
low cost, and real-time detection. All of these criteria are met by
modern nanosensors created on the basis of Yanson point
contacts. A Yanson point contact is a unique quantum object
and the main instrument for Yanson point-contact spectroscopy.
The operating principle of Yanson point-contact spectroscopy is
based on measuring the interaction between electrons and other
quantum quasiparticle excitations using point contacts. This was
clearly demonstrated for the first time by Yanson while
studying electron—phonon interactions in metals [60]. When a
current flows through Yanson point contacts, a unique condi-
tion for the manifestation of the quantum properties of these

objects arises. These properties are essential for Yanson point-
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contact spectroscopy [6] and are used to create a new genera-

tion of advanced nanosensors [4].

The Yanson point contact itself is the simplest electrophysical
structure and it can be represented as an electrode/point contact/
electrode system. In the electric current mode, in which this
system is usually studied, the decrease in the voltage applied to
the system occurs exclusively in the area of the point contact
[30]. This allows for the concentration of the electric field in a
small region, which serves as an additional energy source for
the electrons passing through the contact, leading to accelera-
tion and subsequent transition to a nonequilibrium state. As a
result, a nonequilibrium electron distribution function is formed
in the contact area [30]. The electron relaxation upon interac-
tion with other groups of quasiparticles leads to the manifesta-
tion of the energy parameters of this interaction in the electrical
characteristics of the point contacts. Due to this phenomenon,
the spectrum of the electron—phonon interaction in metals [5],
superconductors [8,61], and even in more complex compounds
such as organic conductors [62] can be easily obtained. The
point-contact spectrum of the electron—phonon interaction
contains the information about the characteristic parameters of
the phonon system of a material, which is difficult or even
impossible to obtain using other methods.

In order to understand our proposed approach to analyze the
human breath, one should first consider the point-contact spec-
trum of the electron—phonon interaction in indium [63]
(Figure 1a). The abscissa directly characterizes the energy of
the phonons that interact with the electrons, which in turn
obtain an excess energy of the order of eV, when accelerated

A
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10 15 20

Vpc, mV
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by the electric field in the Yanson point contact. Here e is the
electron charge and V), is the voltage applied to the contact.
Thus, each section of the curve reflects the energy parameters
of a certain group of phonons. This fact allows, for example, the
determination of phonon groups with energy values that are
characteristic of various types of atomic vibrations in a solid.
The ordinate of the point contact-spectrum characterizes the
phonon concentration in a certain section of the spectrum and
reflects the amplitude of the density function of the phonon

states.

The operation of point-contact sensors is in line with the princi-
ples of Yanson point-contact spectroscopy [3,6]. Point-contact
sensors exhibit quantum properties during the detection of
various objects and enable new detection mechanisms [4,10].
The quantum properties of the point-contact sensors enable the
measurement of the breath spectral profiles, which contain
comprehensive information about this complex gas medium
[11]. One representative point-contact breath spectral profile
obtained in the present study is shown in Figure 1b. As already
mentioned, the full point-contact sensor profile of the breath
consists of two parts obtained during exposure and relaxation.
In this profile, the exposure curve encompasses the time range
between 0 and 60 s whereas the range above 60 s corresponds to
the relaxation curve. The point-contact sensor breath profile has
a nonmonotonic spectral character with a number of nonlineari-
ties, maxima, and minima. Unlike other nanosensors and
conventional sensors based on the principle of changing elec-
trical conductance, point-contact sensors are able to explicitly
display energy interactions and their features in the breath
profile. This is possible because, in Yanson point contacts, heat
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0.6- : Relaxation

' Maxp—0_ !

= 0.4- : :
~ E E
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Figure 1: (a) Spectrum of the electron—phonon interaction in indium obtained using Yanson point contacts. V> is the second derivative of the
current-voltage characteristic of the point contact and Vi, is the decrease in contact voltage. (b) A typical time dependence of the point-contact
sensor conductance based on TCNQ compounds as a result of its interaction with the human breath (i.e., the breath point-contact sensor profile).
Vs is the voltage decrease that occurs in the sensor, t is the time, t; is the exposure time, and t; is the relaxation time.
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generation and nonlinear electric current processes in the con-
tact caused by scattering of electrons in a nonequilibrium state
are spatially separated [30]. The separation of nonlinear electric
current phenomena from other interactions allows us to directly
observe their energy component as a result of the interactions in
the point contact/breath system. This property of the Yanson
point contact arises from the large mean free path of the elec-
trons in the contact, which allows for the manifestation of all
thermal effects outside the contact. Thus, the interaction-related
nonlinear changes in the point-contact conductance result only
from scattering processes of electrons in a nonequilibrium state
[30]. In addition, the voltage sweep in the contact ranges widely
and so does the excess energy of nonequilibrium electrons,
which they can transfer as a result of the interaction. This
allows us to effectively influence the processes of adsorption

and desorption and directly measure their energy parameters.

Thus, the operation mechanism of the point-contact sensor and
the measurement of the energy parameters of the components of
the analyzed system can be understood as follows. Depending
on the nature of a given molecule, the molecule can be charac-
terized by a certain energy of interaction with the gas-sensing
matrix material (i.e., the adsorption energy). Any adsorption
event in the Yanson point contact entails a redistribution of the
electron density in the conduction channel of the point contact,
the scattering of the conduction electrons in a nonequilibrium
state on adsorbed atoms, the transfer of the excess energy of
electrons to the adsorbed atoms followed by their desorption,
and the relaxation of the nonequilibrium distribution function of
electrons in the contact, which results in a change in the point-
contact resistance. These changes are displayed in the depen-
dencies of the Yanson point contact parameters. In the case of
classical Yanson point-contact spectroscopy studies of
electron—phonon interaction in metals, the energy-related pro-
cesses are described by the current—voltage characteristic of the
Yanson point contacts and its derivatives. In our study of the
exhaled breath, the energy-related processes can be seen as the
temporal variations of the electric conductance of the point con-
tact and plotted as a spectral profile of the exhaled breath. The
fundamental properties of Yanson point contacts enable the
measurement of the electric conductance variations when they
are equivalent to at least one conductance quantum. This guar-
antees an extremely high sensitivity of the point-contact sensors
and the measurement of minute energy perturbations occurring
during the interaction of the breath components with the point-
contact conduction channel. Therefore, the nature of the mole-
cule is revealed through the energy parameters of the molecule.

In the initial state, the gas-sensitive surface of the sensor is in
equilibrium with the surrounding atmosphere. Experiments

show that the nature of the gas-sensitive material provides a re-
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versible physical adsorption under the action of substances that
prevail in the environment. When there are gaseous analyte
substances near to the gas-sensitive surface, they occupy a
certain portion of the active centers as a result of a competing
adsorption. This process changes the resistance of the point-
contact array. Therefore, there is no need to provide special
storage conditions for the sensor before the measurements. The
nature of the active centers is such that, between measurements,
the atmospheric nitrogen is able to completely block them and
preserve the gas-sensitive layer, neutralizing the influence even

of active oxidizing agents such as oxygen.

When the sensor is placed in the oral cavity, the nature and
thermodynamic parameters of the gas-sensitive surface/
gaseous-environment system change dramatically. The tempera-
ture and humidity rises and the chemical composition of the
gaseous medium changes. With an increase in humidity and
temperature, the galvanic element, which is integrated in the
point-contact gas-sensitive array and generates the electric field,
is activated. The field initiates quantum-energy effects in the
bulk and on the surface of the conduction channels of Yanson
point contacts. At the active centers, molecules of metabolic
products and their derivatives replace the nitrogen molecules.
Under these conditions, the system transitions to a new quasi-
equilibrium state. The events occurring in this case correspond
to the quantum dissipation of energy, which is measured as a
voltage change in the sensor element by a special device. Since
the relaxation process lasts for about a minute, it can easily be
recorded as an equidistant time series. We consider this series
as a sensor response to the breath medium during the exposure
period in the oral cavity (or simply during the exposure period).
The next phase of the measurements consists of recording the
voltage in the sensor when it comes into contact with the orig-
inal atmosphere after the exposure in the oral cavity is over.
This process is opposite to the previous one and it is caused by
the desorption of the breath components and the return of
atmospheric nitrogen molecules to the active centers. It is also
initiated by the electric field of the galvanic cell integrated into
the point-contact array. Yet, in this case, due to a decrease in
humidity and temperature, the field also decreases. The reverse
process, which is essentially the relaxation step, usually lasts
between 1 and 3 min. The exposure and relaxation processes are
measured as an equidistant time series which represents the

sensor metabolic profile of the patient (Figure 1b).

The adsorption—desorption processes on the active surface of
the sensor are eventually reversible and are characterized by a
significant hysteresis. This complex nature of the response
unfolds broad prospects for identifying the specific metabolism
of each patient. Therefore, using the sensor in medical diagnos-

tics is an efficient tool to analyze the breath medium. Some
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progress has already been made in this area. In the complex
response configuration, the so-called “characteristic parame-
ters” have been already distinguished in a few published studies
[3,35,40]. Regular individual differences measured in the breath
of some of the patients may be caused by metabolic peculiari-
ties and may indicate the presence of a certain pathology. The
characteristic parameters were analyzed considering the history
and clinical parameters of the examined patients (i.e., results of
clinical, laboratorial, and instrumental examinations). Next, a
search for relevant correlations between the analyzed parame-
ters of the patient and the characteristics of their breath was
made. The obtained correlations were used as criteria for deter-
mining the deviation of the sensor curve response in patients
with a pathology in comparison with patients with a normal
metabolism. The detected deviation of the response curve of the
sensor made it possible to identify one or more pathologies or to
assign patients to certain risk groups. This approach was quite
fruitful and enabled the development of the scientific basis for
breath tests in early non-invasive diagnosis of erosive-ulcera-
tive lesions of the gastrointestinal tract based on the detection in
the breath of ill patients of waste products from the bacterium
Helicobacter pylori, including cytotoxic strains of this microor-

ganism.

However, it should be noted that further improvement of analyt-
ical procedures involves lowering the sensitivity threshold of
the sensor in relation to a wider list of controlled substances and
their derivatives. This, in turn, requires a finer and more
detailed analysis of the features of the response curve configu-
ration. A reliable tool for the precise differentiation of a com-
plex response curve can be a systematic approach to the synthe-
sis of its characteristic elements and the search for singularities

associated with the target object.

One of the directions of the systematic approach can be related
to the analysis of the level of correlation of the sensor output
parameter (voltage) with the target detection parameter (marker
concentration in the breath) during the time of the analysis
(exposure period plus relaxation period). This analysis is conve-
nient since a complex response curve reflects the totality of
interactions of a complex gaseous medium including the target
substance with the gas-sensitive array. The higher the correla-
tion level in a certain period, the higher the probability of the
marker (or derivatives of its interaction with certain compo-
nents of the breath) to give a signal in the response curve. These
marked sections have a physical meaning: Gas atoms adsorbed
on the conduction channel of the Yanson point contact create
areas with distortions in the crystal structure of the contact ma-
terial. This leads to a shortening of the mean free path of elec-
trons in the contact area and increases the probability of scat-

tering of nonequilibrium electrons at the sites of the adsorbed
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atoms. As a result of the scattering, the excess energy of the
electron is transferred to the adsorbed atoms, which subse-
quently desorb. Upon transferring the excess energy to the gas
atoms the electrons return to their equilibrium state. In turn, the
gas atoms, upon receiving enough energy, desorb from the sur-
face of the Yanson point contact. The process proceeds in a
real-time regime enabling the measurement of the energy
profile of a complex gaseous medium (e.g., the human breath).
The result of the interaction is displayed on the time axis of the
sensor response curve, since the duration of the interaction actu-
ally reflects the amount of energy transferred. Thus, by analogy
with the point-contact spectra of the electron—phonon interac-
tion, the point-contact profile of the breath contains informa-
tion about the energy parameters of the atoms and molecules
adsorbed on the surface of the Yanson point-contact conduc-

tion channel.

The target substance or the derivatives formed during its inter-
action with the components of a complex gaseous medium can
change the resistance of the point-contact array when the
galvanic cell creating the electric field is in a certain energy
state. This, in turn, happens due to the peculiarities of the elec-
tron transfer through the conduction channel of the point con-
tact viewed as the elementary unit of the gas-sensitive array.
This allows us to propose a method for detecting individual
components of a complex gaseous medium by determining the
section of the curve of the spectral sensor profile that corre-
sponds to the energy of interaction between the conduction
electrons and these components.

The starting point of the proposed strategy for the analysis of
the metabolic profile of the patients was to obtain the depen-
dence of the correlation coefficient of the studied component of
the breath with the level of the sensor output signal during the
measurement. It was assumed that all points with a deviation of
less than 2% from the maximum value can be used as the data
in parallel experiments for obtaining the dependence of the
response voltage on the concentration of a specific target
substance. The dependence of the response voltage, for a period
of maximum correlation with the analyte concentration, in a
studied patient group allows us to obtain a linear regression
equation. This equation can serve as a characteristic calibration
curve for determining the concentration of the target compo-

nent of a complex gaseous medium using a sensor.

By applying the above strategy to determine the concentration
of hormones in the human body with the help of a sensor, we
experimentally show the possibility of detecting singular char-
acteristic sections of a complex response curve of a point-con-
tact nanosensor upon breath exposure. To demonstrate the oper-

ability of the proposed approach, we analyze the point-contact
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breath profiles of the patients (the so-called metabolic profiles
in the form of response curves of the point-contact nanosensor)
and compare them with the values of serotonin and cortisol in

the body of each patient.

To get the primary data, we obtained respiratory tests results
from 16 patients with a known level of serotonin concentration
in their blood (group 1) and from 16 patients with a known level
of cortisol concentration in their blood serum (group 2). To be
able to employ the spectral approach we proposed to detect the
components of complex gas mixtures using point-contact
sensors. For this we needed to identify the sections of the sensor
response curves that were related to the metabolic profiles of
the patients and were most informative regarding the concentra-
tion of the targeted hormone. To do this, we presented the
sensor response in a time series form with a step of 0.5 s. Next,
the temporal dependences of the correlation coefficient be-
tween the response voltage and the hormone concentration for
groups 1 and 2 were determined. The linear correlation coeffi-
cient (i.e., the Pearson correlation coefficient) r between the
response voltage V at a given time and the hormone concentra-

tion C was calculated using the following relation:

cov i—‘i(Vj _;)(CJ_E)
.= SOVre _ njf — —. 0
2 (=) 2(c;-c)

J=1 J=1

where covy is the covariance of the values V and C, oy is the
root-mean-square deviation of V, o is the root-mean-square de-
viation of C, V; is the response voltage at a given time for the
J-th patient (out of n patients), and C; is the hormone concentra-
tion of the j-th patient. V and C (see Equation 2) are the mean
values of the respective samplings:
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The obtained correlation coefficients r were used for plotting
the temporal dependencies of the absolute values |r| for the
groups 1 and 2 (Figure 2).

The highest negative correlation for serotonin is observed in the
range of 70-85 s and for cortisol in the range of 89-92 s. These
time intervals of the measurements represent the period in
which the hormones and the products of their interactions with
other components of the breath are able to significantly affect

the physicochemical state of the point-contact array and change
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Figure 2: Temporal dependence of the absolute values of the correla-
tion coefficient |r|. Here, r describes the correlation between the
response voltage values of the breath tests of the patients and the con-
centration of serotonin (1, black curve) and cortisol (2, red curve) ac-
cording to the medical tests.

the resistive characteristics of the gas-sensitive elements. The
time range in which the dependence shown in Figure 2 was
calculated is limited by the maximum time of the breath test.
However, the total exposure time and relaxation time of the
majority of the breath tests did not reach 180 s and the missing
points of the response curves were assigned zero values.

Thus, the characteristic time interval to estimate the level of
serotonin in the blood of a patient via a breath test is in the
range of 70-85 s. The values of the average voltage 175 of the
metabolic profile of a particular patient during this interval
(Figure 2) and the concentration of serotonin Cge, in the blood
uniquely determine the position of the points in the graph of
response voltage as a function of the concentration (Figure 3).
Since there is no information a priori about the nature of the
relationship between the concentration of serotonin and the
voltage of the sensor, it is reasonable to use a linear approxima-
tion and draw a straight line through the obtained points using

the least-squares method:

Cyor[umol - L1 =1.17-2.41xV,. 3)

This is a characteristic calibration line for estimating the sero-
tonin concentration using the sensor method based on the breath
test. Statistical analysis showed that the standard deviation of
the medical analysis data from the approximation line does not
exceed 0.115 umol-L™!. Thus, with a 95% probability, the
confidence interval is 0.230 pmol-L71.

The model for determining the serotonin concentration (Equa-

tion 3) was verified by adding relevant results of the breath tests
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Figure 3: Dependence of the analytical concentration of serotonin Cger
on the average response voltage V; in the area of the maximum corre-
lation. Black dots correspond to the data from the medical tests and
the red line is the result of the linear approximation, given by

Equation 3.

of four new patients from whom the serotonin content in the
blood was known (Table 1).

For group 2 (comprising of 16 people), in addition to the results
of the breath tests, the cortisol content in the blood serum of the
patients was also known. The correlation analysis of the cortisol
metabolic profile showed that, in this case, the section of the

maximum correlation is in the range of 89-92 s (Figure 2).
The dependence of the concentration of cortisol C¢q on the av-

erage voltage I7S in the area of maximum correlation can be ap-
proximated by the linear equation:

Coop[nmol - L1 ] = 765.54-1612.32x 7. 4)

The results of this approximation are presented in Figure 4.

Statistical analysis showed that the standard deviation of the

medical analysis data from the approximation line does not
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Figure 4: Dependence of the analytical concentration of cortisol Ccor
on the average response voltage V; in the area of the maximum corre-
lation. Black dots correspond to the data from the medical tests and
the red line is the result of the linear approximation, given by

Equation 4.

exceed 61.8 nmol-L~!. Thus, with a 95% probability, the
confidence interval is 123.6 nmol-L~!. The verification of the
model (Equation 4) for the determination of the cortisol
concentration was carried out similarly to the verification of the
model (Equation 3) for the determination of the serotonin con-
centration. Again, for four new patients with a known cortisol

concentration in the blood serum were used to test the model
(Table 2).

The verification of the linear mathematical models, given by
Equation 3 and Equation 4, showed that all the sensor analysis
results are within the corresponding confidence intervals. This
evidenced that the statistical calculation was appropriately done
and the models can be used to estimate the concentration of
hormones using breath tests. The obtained results demonstrate
that the proposed mathematical models for obtaining the depen-
dence of the concentration of the target substance on the output
signal parameters of a quantum sensor yields an effective cali-
bration function for a noninvasive analysis of the serotonin and
cortisol levels in the human body using the breath test.

Table 1: Verification of the sensor model for the determination of serotonin concentration.

Serotonin concentration, Cger (Umol-L=1)

Patient Average response voltage \7,S in the area of
number maximum correlation (V)

1 0.253397

2 0.263031

3 0.281277

4 0.170466

Analysis data Estimation from model Model error
(Equation 3)
0.394 0.559 -0.165
0.451 0.536 -0.085
0.585 0.492 0.093
0.733 0.759 -0.026
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Table 2: Verification of the sensor model for the determination of cortisol concentration.

Patient Average response voltage \7,S in the area of
number maximum correlation (V)

1 0.365943

2 0.256083

3 0.156115

4 0.165320

The results of the study clearly demonstrate the indisputable
advantages of using nanotechnology in the field of sensor tech-
nology to develop and improve environmental-monitoring tools.
The level at which the components of the analyzed complex
gaseous medium were identified and the sensitivity of this
detection, previously unattainable by conventional sensors, have
become possible due to the in-depth differentiation of the gas-
sensitive surface at the atomic level, under laboratory condi-
tions. For the first time it became possible to analyze the human
hormonal background using the breath, which is the most con-
venient biological material. With the hormones serotonin and
cortisol used as examples, it was shown that concentrations of
these substances can be monitored in real time, whereas in the
case of conventional medical analysis it might take hours or

even days.

Special attention should be paid to the unprecedented sensi-
tivity of the developed point-contact nanosensor element. It
should be reinforced that the studied analytes are not gaseous
substances that can be directly found in the breath. Not
exceeding a fraction of micromoles per liter in the blood, these
molecules “transmit” the information about their quantity
through a chain of mediators (transmitters), the last of which is
recognized by the surfaces of the atomic structures of the gas-
sensitive array (i.e., the Yanson point contacts). As a result, we
can quantitatively estimate, with a probability of 95%, the stress
level in the body. Wide prospects are opening for more detailed
studies regarding the dynamics of the emotional states when
various factors simultaneously affect the state of the organism,
and our preliminary investigation confirms that. Due to the
instability of the hormonal molecules, the validity of the conclu-
sions and medical reports made based on the analysis from data
sets taken during a long measurement period are being
contested. Therefore, performing express tests using point-con-
tact nanosensors for the observation of hormone concentration

profiles in a dynamic manner is of undeniable importance.

The present study proposes a sequence of procedures to unravel
the correlation between the concentration of a particular

hormone and the level of the output signal. This dependence

Cortisol concentration Cgo, (nmol-L™7)

Estimation from model

Analysis data (Equation 4) Model error
166.6 175.5 -8.9
300.0 352.7 -52.7
498.8 513.8 -15.0
570.3 499.0 71.3

can be used to estimate the hormonal background of the patient
using the data from the sensor analysis of the breath medium.
The establishment of this correlation was possible due to the
unique point-contact nanosensor with an ultrahigh surface den-
sity of information recognition elements in the form of Yanson
point contacts. As a result, the characteristic output of this
sensor is a time series of the complex profile. A systematic ap-
proach to decode the information coming from the internal
organs of a human body allowed us to develop a universal ap-

proach to analyze a wide spectrum of breath components.

The presented study shows that a combination of advanced
techniques based on Yanson point contacts, accessible material
base, and modern analysis tools creates a robust and fast detec-
tion method in which the real-time differential sensor analysis
can be widely applied in various areas of science and technolo-

gy, especially medicine.
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The experimental results regarding optical absorption and steady-state photoconductivity of amorphous single-layer structures

(Al-As(.40S0.305¢€0.30—Al, Al-Geg g9Asg.g9Seq.go—Al, and Al-Geg 390Asg.0450.66—Al) and of an amorphous heterostructure

(Al-As(.4050.30S€0.30/Ge.09AS.095€0.82/Geg 30AS0.0450.66—Al) at different values of the voltage, with positive or negative polarity,

applied to the illuminated top Al electrode are presented and discussed. The complex structure of the photocurrent spectra is attri-

buted to the different values of the optical bandgap of the involved amorphous layers (Eg = 2.0 eV for Asg 40S0.305¢€0.30 and

Geg.09AS0.095€0.82 and Eg = 3.0 eV for Geg 30A30.0450.66)- The obtained experimental results are discussed taking into account the

light absorption depending on the nature and the thickness of each amorphous layer, on the wavelength, and on contact phenomena

at the interfaces between different layers and between the amorphous layers and the metal electrodes with different work functions.

Introduction

The As—S—Se, Ge—As—Se, and Ge—As-S ternary glass systems
currently attract a lot of attention because of their wide applica-
tion in IR optics, non-linear optics, photonics, optoelectronics,
and as recording media for holography and e-beam lithography
[1-3]. The physical properties of covalently bonded glasses are
determined by the mean coordination number Z (average num-
ber of covalent bonds per atom) [4]. It is well known that the
functionality of many photonic and optoelectronic devices is

based on the intrinsic photoelectric effect. The photocurrent

spectra and the kinetics of the photocurrent can provide infor-
mation regarding the mechanisms of generation, recombination,
and drift processes of non-equilibrium carriers in amorphous
materials. Thus, investigations of stationary and transient char-
acteristics of the photoconductivity of ternary amorphous thin
films are of special interest. For thermally deposited amor-
phous films, the structure of which exhibits a higher level of
disorder than that of the bulk glasses, the incorporation of impu-

rity atoms is easier, and in many cases the metal additives could
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become electrically active. The influence of Sn impurities on
stationary and transient photoconductivity was demonstrated for
amorphous As;SesSn, thin films [5]. The introduction of Sn in
the host material increases the drift mobility and the photosensi-
tivity of the amorphous material. According to 1°Sn Méssbauer
spectroscopy studies of the AspSes:Sn, glassy system [6] and
X-ray photoelectron spectroscopy studies of As,Ge,Sej_p,
glasses [4], the introduction of elements such as Sn or Ge in
glasses based on arsenic selenides, leads to the formation of
new tetrahedral Sn(Se/y)4 and quasi-octahedral SnSe structural
units or of GeSey, respectively. Recently, experimental results
of steady-state and transient photocurrents of amorphous
Ge,As,Sej_o, and (AsyS3Ses);—,Sn, thin films were presented
[7,8]. It was established that the predominant mechanisms of
recombination of the photo-excited carriers in the investigated
amorphous materials are mono- and bimolecular and that the
transport is controlled through multiple trapping processes with
exponential distribution of the localized states in the bandgap.
Regarding the physics and applications of chalcogenide materi-
als, multilayered amorphous thin-film structures are especially
interesting because they offer advantages over single-layer

structures [9,10].

Experimental

The bulk chalcogenide glasses Asg.4050.305€0.30>
Geg.09As.095€0.82, and Geg 30AS0.0450.66 Were prepared from
the elements (Ge, As, S, and Se; 99.9999% purity) by conven-
tional melt quenching. The initial materials were weighed and
filled into quartz ampoules, which were sealed under vacuum (P
=107 Torr). After sealing, the ampoules were heated for 48 h
at a temperature of 7= 1000 °C. The ampoules were then let to
cool in air to room temperature. Some of the glass samples were
then cut and polished for optical measurements; other samples
were prepared as granules of small dimensions for vacuum
evaporation. For optical and photoelectric measurements, thin
film samples of each amorphous material, with thickness values
of d = 1000 nm for Asgy.40S0.305¢€0.30, d = 500 nm for
GCO,OQASO,O9S€30.82, and d = 200 nm for GeO.30ASO.O4SO.669 with-
out and with Al electrodes, were prepared by thermal evapora-
tion in vacuum (P = 107 Torr) of the synthesized initial glasses
onto glass substrates. Longitudinal, instead of lateral, conduc-
tivity measurements were carried out. The thickness of each
layer was chosen such that the distribution of the applied elec-
trical field was as uniformly as possible in each layer. The
transparence of the top Al electrode was 60-70%, and the sam-

ple area was S = 0.5 cm?.

In the same technological cycle, the multilayer heterostructure
(HS) Al-As0.4050.305¢€0.30/Geg.09A80.095¢0.82/
Geg 30A80.0450.66—Al was prepared. The experimental samples

had a sandwich configuration with two Al electrodes, of which
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the top electrode was transparent to the incident light. The dark
conductivity o4 and the spectral distribution of the stationary
photocurrent Iy, = f(}) have been measured under constant-cur-
rent conditions using a spectrophotometer SPM-2 and an elec-
trometrical amplifier U1-7, with a measurement error below
+1.0%. All experiments were performed at room temperature
(T = 20 °C).

Results and Discussion

Figure 1 shows the transmission spectra T = f()) of the separate
amorphous thin films Geg 30As0.0450.66 (1), Geg.09Asg.095€0.82
(2), As0.4050.305€0.30 (3), and the HS Asg.40S0.305¢€0.30/
GeO.O9ASO,O9S60,82/G60,30ASO,O4SOA66 (4) The thin film layer
Ge.30A80.0450.66 With the largest bandgap energy, Eg = 3.0 eV
[11], which was placed on the top of the multilayer structure,
has a thickness of d ~ 200 nm and was transparent to the inci-
dent visible light to reach the other layers with a bandgap
energy of Eg ~ 2.0 eV [12,13] and with a thicknesses of
d =~ 500 nm for Geg g9Asy.09Seg.go» and d =~ 1000 nm for
As0.4050.305€0.30- Figure 2 shows that the amorphous film
Ge(.30A50.0450.66 is highly transparent to incident light in
the visible region, in contrast to the other thin-film structures

(curve 4).
100
80 /\
60
N /4
~ 40 1 111
20 [ i ::::1255:.33?;::1:;; - Geg,09As0.095€0.82 - Ge0.30A%0.0450.66
0 - / ) .// ), \
300 400 500 600 700 800
A (nm)

Figure 1: Transmission spectra T = f(A) of separate amorphous thin
films and multilayer HS (1: G90.30ASO'04SO'55, 2: GEQ.OQASO'OQSEO_SQ,
3: As0.4050.305€0.30, 4: AS0.40S0.305€0.30/Ge€0.09AS0.095€0.82/
Gieo.30A80.0450.66)-

Figure 2 shows the function log a = f{(hv) of the absorption coef-
ficient for single amorphous layers and for the amorphous HS.
The absorption coefficient a for each layer can be calculated
using the expression:

6]
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Figure 2: Absorption spectra o = f(hv) of separate amorphous thin
films and multilayer HS (1: G60.30ASO'04SO'56, 2: Ge0.0QASO'OgSeo'gg,
3: As0.4050.305€0.30, 4: AS0.40S0.305€0.30/Ge€0.09AS0.095€0.82/
Gieo.30A80.0450.66)-

The absorption coefficient a of each separate component layer
is higher than that of the HS. The highest value of the absorp-
tion coefficient a was obtained for the amorphous film of
Ge( 30A80.0450.66 With the smallest thickness of d = 200 nm.
The amorphous structures described above with two Al elec-
trodes, of which the upper one was transparent to the incident
light, have been used for electrical and photoelectrical measure-

ments.

Figure 3 and Figure 4 show the current—voltage (I-V) character-
istics of the amorphous thin-film HS Al-Asg 40S0.305¢€0.30/
Geg 09Asg.095¢€0.82/Ge 0 30A50.0450.66—Al with positive or nega-
tive voltage applied to the top Al electrode in the dark (curve 1)

+ - top Al illuminated
-4 B 1- m |/
d
2- o |

110 100

Voltage U (V)

Figure 3: Current-voltage characteristics of the amorphous thin-film
HS with a positive voltage applied to the top Al electrode, in the dark
(1) and under illumination (2).
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Figure 4: Current—voltage characteristics of the amorphous thin-film
HS with a negative voltage applied to the top Al electrode, in the dark
(1) and under illumination (2).

and under illumination with the wavelength of the maximum

value of the photoconductivity (curve 2).

When a positive voltage is applied to the top Al electrode, a
sharp increase of the current occurs, only under illumination,
when the applied external electric field reaches high values.
When a negative voltage is applied, this sharp increase of the
current occurs in dark and under illumination. This effect was
observed for amorphous thin-film structures with different elec-
trodes (AsyS3, AsyS3Ge,) and amorphous HS (As,S3/Sb,S3,
Si/As,S3) [14]. I-V characteristics are described by the expres-
sion I = A-V"™, where A is a constant coefficient, and m is the
exponent. When carriers are injected from an amorphous or
crystalline layer (or electrode) into another amorphous layer, m
cannot take values larger than 1. The part of the -V characteris-
tics with m = 2 is explained by the existence of an exponential
distribution of the localized sates in the bandgap of the amor-
phous material. In this case the I-V characteristics are de-
scribed by the expression [15]:

j = Nyue(s/Nee) (V”l/ " ] @)

where j is the current density, Ny is the effective density of
states in the valence band, N, is the concentration of traps, e is
the electron charge, p is the drift mobility, € is the dielectric
constant, t = A/(kgT) (A is the parameter of the trap distribution,
kg is the Boltzmann constant, T is the absolute temperature), V
is the applied voltage, and d is the sample thickness.

The explanation of our experimental data, as in the case for
CIS-based solar cells with 1 < m < 2 (the transition part to
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m > 2) [16], is more complicated than that of the data of single-
layer structures, because according to [16] the origin of the non-
linear behavior may be the interface between the absorber and
the buffer layer, and can thus not be attributed to space-charge-
limited current (SCLC). We thank for fruitful discussion and we
suggest that for more detailed information regarding the origin
of SCLC in our investigated structures, additional investiga-
tions of the I-V characteristics at different temperatures are

needed for the estimation of the parameters of localized states.

The steady-state photoconductivity spectra of all amorphous
thin-film structures were measured with an applied external
electric field of E =5 x 104 V/cm, that is, in the region were the
I-V characteristics exhibit linear behavior. In our previous
papers [7,8], we have presented the experimental results of
steady-state and transient photocurrents of amorphous
Ge,As,Sej-p, and (AsgS3Se3) - Sn, thin films. It was demon-
strated that the dependence of the steady-state photocurrent on
the light intensity for all investigated amorphous thin films is
non-linear, and can be described by the expression Iy, ~ F* with
the parameter 1.0 < a < 0.5, which indicates the existence of
mono- and bimolecular recombination mechanisms in these ma-

terials.

Figure 5 and Figure 6 show the steady-state photocurrent
spectra of separate amorphous thin films and HS
Al-As0.4050.305€0.30/Ge0.09A80.095¢€0.82/Ge 0.30A50.0450.66—Al
with positive or negative voltage applied to the illuminated top
Al electrode. The steady-state photocurrent spectra show that
the maximum of photosensitivity of the component layers of the
multilayer HS is in a good agreement with the absorption spec-
tra. The spectral distribution of the photocurrent for the HS is

situated between the distributions of the separate layers and
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Figure 5: Photocurrent spectra of separate amorphous thin films and
the multilayer HS with a positive voltage applied to the illuminated top
Al electrode.
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Figure 6: Photocurrent spectra of separate amorphous thin films and
the HS with a negative voltage applied to the illuminated top Al elec-
trode.

depends on the polarity of the illuminated electrode. The posi-
tions of the maximum of Al-Geg g9Asgy. g9Seq.gr—Al
(hv = 2.47 eV) and the maxima of Al-Geg 39As0.04S0.66—Al
(hv =2.95 eV and hv = 2.42 eV) do not depend on the polarity
of the applied voltage.

The presence of two maxima in the photoconductivity spectra
of Al-Ge( 30As0.0450.66—Al, located at hv = 2.95 eV and
hv =2.42 eV, indicates a probable separation of this sample into
multiple phases that contain trigonal (AsS3/;) and tetrahedral
(GeSy) structural units, respectively. Figure 5 and Figure 6 also
show that for the thin-film structure Al-Asg 40S0.40S€0.30—Al
and for the multilayer HS the position of the maximum in the
spectral distribution of the photocurrent depends on the polarity
of the applied voltage. When a positive voltage is applied to the
illuminated Al electrode, the maximum is shifted toward the
region of higher energies of the spectrum. As was mentioned in
[8], this behavior can be associated with contact phenomena at
the interfaces between metallic electrode and amorphous layers,
as well as with the drift and surface recombination of the non-

equilibrium carriers [14].

The normalized photocurrent spectra of the multilayer thin-film
HS at different, positive and negative, values of the voltage
applied to the illuminated top Al electrode (U = 1.0-10.0 V) are
presented in Figure 7 and Figure 8. It is evident that increasing
the positive applied voltage leads to a shift of the photocurrent
maximum toward higher energies (Figure 7). An increase of the
negative applied voltage leads to a shift of the photocurrent
maximum toward lower energies (Figure 8). This shift can be
attributed to the different resistance values and the different I-V
characteristics of the component layers of the HS. The distribu-

tion of the applied voltage among the layers depends on the
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Figure 8: Normalized photocurrent spectra of the multilayer HS with
different negative values of the voltage applied to the illuminated top Al
electrode.

photocurrent. Therefore, the contribution of each layer to the
total photocurrent is different. When the applied voltage has a
positive polarity (0.1-200 V), the structure of the photocurrent
spectra is more complicated. It was observed that at low applied
voltages (0.1-0.5 V) the photocurrent is negative, and at
U = 1.0 V the photocurrent changes to positive values. This
phenomenon can occur when the external applied field becomes
higher than the internal electrical field. For amorphous semi-
conductors the barrier height of an Al-semiconductor contact,
with a work function of @, = 4.18 eV, is ¢p, = 0.40-0.75 eV
[14,17]. This is very important from a practical point of view,
because there is the possibility to build photodetectors with dif-
ferent signs of the photocurrent. This phenomenon of photocur-
rent sign inversion through polarization was also observed for

photodetectors based on ZnAs; anisotropic crystals [18].
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Figure 8 shows that, besides the main peaks in the spectral dis-
tribution of the photocurrent at 2.56-2.92 eV, there are also sig-
nificant peaks in the region of 1.26-2.11 eV. When the voltage
applied to the top Al electrode has a positive polarity, the
maximum at 2.82-2.92 eV is attributed to the absorption of
light in the wide bandgap of Geg 30As0.0450.66 (Eg = 3.0 eV). It
weakly depends on the applied voltage, A(hv) = 0.1 eV. When
the voltage applied to the top Al electrode has a negative
polarity, the maximum at 2.56-2.86 eV is also attributed to the
absorption of light in the wide bandgap of Geg 30As(.0450.66
(Eg = 3.0 eV). However, it depends more strongly on
the applied voltage, A(hv) = 0.3 eV. The other maxima at
1.26-2.11 eV correspond to the narrow-bandgap materials
GeO.3OASO.O4SO.66 and Ge0.0gAS0.0QSCO.gz. Some of them are
also present in the spectral distribution of the single-layer struc-
tures (Figure 5 and Figure 6). Spectral position and amplitude
of these maxima depend, among others, on the value and
polarity of the applied voltage.

Figure 9 shows the position of the photocurrent maximum of
the different components of the HS and of the HS itself at posi-
tive (curve 1) and at negative (curve 2) polarity of the voltage
applied to the illuminated top Al electrode. The spectral posi-
tion of the maximum of the photocurrent of the HS has an inter-
mediate value with respect to the component layers.
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Thin film structure composition

Figure 9: Peak position in the spectral distribution of the photocurrent
for the different thin-film structures at positive (curve 1) and at nega-
tive (curve 2) polarity of the voltage applied to the illuminated top Al
electrode. The lines are a guide to the eye.

Figure 10 shows the peak position in the spectral distribution of
the photocurrent of the amorphous thin-film HS as a function of
the applied voltage with positive (1) and with negative (2)
polarity. At low applied voltages with positive polarity
(U £ 10 V), a shift of the maximum of the photocurrent to
higher photon energies (from 2.3 eV to 2.9 eV) is observed.
When the applied voltage is increased further up to U = 100 V,
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Figure 10: Peak position in the spectral distribution of the photocur-
rent of amorphous thin-film HS as a function of the applied voltage with
positive (1) and negative (2) polarity (applied field E = 5 x 10* V/cm).
The lines are a guide to the eye.

the maximum returns to its initial position (hv = 2.3 eV, curve
1). At negative polarity, the maximum of the photocurrent is

shifted only to lower photon energies (from 2.75 to 2.2 eV).

Figure 11 shows the magnifying power K (i.e., the ratio be-
tween photocurrent and dark current, K = Iph/Igark) of the thin-
film structures and the HS both at positive (curve 1) and at
negative (curve 2) polarity of the applied voltage. The value of
K is higher at positive polarity than at negative polarity. Also,
the amorphous Al-Asg 40S0.305€0.30—Al thin-film structure
shows the highest values of K.

-
X 100}
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] 1 !
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Figure 11: The magnifying power K of the different thin-film structures
at positive (1) and at negative (2) polarity of the applied voltage
(applied field E = 5 x 104 V/cm). The lines are a guide to the eye.

Figure 12 shows the dependence of the magnifying power K of

the amorphous thin-film HS as a function of the applied voltage

Beilstein J. Nanotechnol. 2020, 11, 1757-1763.

with positive (1) and with negative (2) polarity. The photosensi-
tivity is higher when the voltage applied at the illuminated top
Al electrode has a positive polarity, which was also demon-

strated for structures of single thin films [7].

100}
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- |
10}
0 10 20 30 40 50
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Figure 12: The magnifying power K of the amorphous thin-film HS as
a function of the applied voltage with positive (1) and negative (2)
polarity. The lines are a guide to the eye.

Conclusion

The experimental results regarding optical absorption and
steady-state photoconductivity of both amorphous single-layer
structures, Al—ASO.4osO.3oseo‘30—A1, Al—GeO'OgAS0.0QSCO‘gz—Al,
and Al-Geg 30As0.0450.66—Al and the heterostructure
Al-Asp.4050.305¢0.30/Ge0.09A80.095€0.82/Ge0.30A80.0450.66—Al
have been discussed. The spectral distribution of the photocur-
rent depends on the value and on the polarity of the voltage
applied to the illuminated top Al electrode. It was found, that at
low applied voltages with positive polarity (U < 10 V) the
maximum of the photocurrent is shifted to higher photon ener-
gies (from 2.3 to 2.9 eV) with increasing voltage. When the
applied voltage is further increased up to U = 100 V, the

maximum returns to its initial position.

The shift of the photocurrent maximum may be related to the
component layers of the HS. Because the resistance of the wide-
bandgap material (Geg 30As0.0450.66) 1S higher, at low voltages
the electrical field mainly is distributed in this material, which
leads to a photoconductivity maximum in the high-energy
region. When the voltage is further increased, the electrical field
is also distributed in the narrow-bandgap materials and the posi-
tion of the photocurrent maximum is shifted in to the low-
energy region. For GeTe and GeSe films, an analogous shift
was explained by bulk phenomena in the material, not by con-
tact phenomena [19]. In contrast, when the applied voltage has a
negative polarity, the maximum of the photocurrent is shifted

only to lower photon energies (from 2.75 to 2.2 eV).
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Besides that, the magnifying power, K = Ipp/lgak, depends on

the composition of the thin-film structures and of the HS and on

the polarity of the applied voltage as well. Moreover, it was

demonstrated that higher values of the magnifying power K

were reached at positive polarity for all investigated amorphous

thin-film structures. This result can be explained by drift pro-

cesses of non-equilibrium carriers in amorphous semiconduc-

tors as well as by the contact phenomena between interfaces of

different amorphous materials and the metallic electrodes.
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Abstract

This work is a study of the formation processes and the effect of related process parameters of multilayer nanosystems and devices
for spintronics. The model system is a superconducting spin valve, which is a multilayer structure consisting of ferromagnetic
cobalt nanolayers separated by niobium superconductor nanolayers. The aim was to study the influence of the main technological
parameters including temperature, concentration and spatial distribution of deposited atoms over the nanosystem surface on the
atomic structure and morphology of the nanosystem. The studies were carried out using the molecular dynamics method using the
many-particle potential of the modified embedded-atom method. In the calculation process the temperature was controlled using the
Nose—Hoover thermostat. The simulation of the atomic nanolayer formation was performed by alternating the directional deposi-
tion of different composition layers under high vacuum and stationary temperature conditions. The structure and thickness of the
formed nanolayers and the distribution of elements at their interfaces were studied. The alternating layers of the formed nano-
system and their interfaces are shown to have significantly different atomic structures depending on the main parameters of the

deposition process.
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Introduction

Multilayer superconductor/ferromagnetic (S/F) hybrid nano-
structures are a new type of quantum electronics elements based
on electron spin transport. Unlike conventional electronics,
spintronics uses not only charge transfer, but also the electron
spin in solids, solving the problem of transport and recording of
information [1-7]. Based on the basic nondissipative elements
of spintronics, it is possible to create new superconducting
nanoelectronics devices that consume minimum energy and

have a high operation speed [8-13].

One type of magnetic nanostructure with wide potential use is
the spin valve [14,15], consisting of several magnetic films sep-
arated by a magneto-resistive layer. Due to the exchange inter-
action with the adjacent antiferromagnetic nanofilm, one of the
layers has constant magnetization. For the adjacent nanofilm,
the direction of magnetization can be controlled by an external
magnetic field. The weak link of the ferromagnetic layers
causes a restructuring of the magnetic moment configuration
under low-power magnetic fields and switches the spin valve
from a high to a low resistance state. When a superconducting
film is used as a magneto-resistive interlayer, a supercon-
ducting spin valve is obtained. Furthermore, these structures are
highly sensitivity to magnetic field switching and energy
consumption is significantly reduced due to the absence of
dissipation in such a valve in the ground (superconducting)

state.

Practice shows that the creation of multilayer S/F nanostruc-
tures with the required properties is an extraordinarily complex

Si - substrate

'
§

Co

CoOy

CuNi

Beilstein J. Nanotechnol. 2020, 11, 1776—1788.

process. Figure 1 and Figure 2 show actual spin-valve multi-
layer nanosystems formed from various materials [9]. As
demonstrated in the figures, the structure of real nanosystems is
far from ideal. In particular, it can be noted that the surface
separating the various nanolayers of the system is not perfectly
flat. The surface has noticeable irregularities that penetrate into
adjacent layers. The figures also show that there is a mutual
penetration of one contact layer into another. Therefore, the
layer interface has a certain quantifiable thickness. It should be
noted that the atomic structure of each layer does not form an

Si-Cap a——.

CuNi —
Nb —

CuNi —

Figure 1: Transmission electron microscopy (TEM) image of a layered
nanostructure consisting of Nb, CuNi, CoO, and Co layers, prepared
by magnetron sputtering.

Figure 2: High-resolution transmission electron microscopy (HR-TEM) image of a layered Co, CoO, and CuNi nanostructure prepared by magnetron

sputtering.
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ideal single crystal, but rather a polycrystalline system is
formed.

The influence of the interface quality on the spin valve func-
tionality is an especially important issue, which has been exper-
imentally investigated in previous works [16-19] where the
quantum-mechanical transparency of the interface, T, was
assigned. Here, they considered the effect of the mutual solu-
bility of the metals (of a superconductor and a ferromagnet) on
the quantum-mechanical transparency. The transparency param-
eter of the interface for completely non-wetting metals, such as
lead—iron, is small: T =~ 0.4. This reduces the probability of
penetration of Cooper pairs from the superconductor into the
ferromagnetic material and requires smaller thicknesses of
superconducting layers in order to obtain a significant effect of
ferromagnetism on superconductivity. In turn, the structural
quality of superconducting niobium layers, for example, with a
thickness comparable to the coherence length of approximately
<10 nm, is worse than that of thicker films, and the destructive
effect of the interface roughness also suppresses the manifesta-

tion of interference effects in ultrathin films.

For highly mutually soluble metals, such as vanadium and iron
(solubility of about 30% at room temperature), the quantum-
mechanical transparency parameter is many times higher,
Tg = 1.6. However, if the structural quality of the films requires
deposition on a substrate heated to 100-300 °C, there is a high
risk of mutual diffusion and the formation of a thick “dead”
layer, which also suppresses the transparency of the S/F inter-
face [20].

In the case of materials wetting and limited mutual solubility (as
in niobium-nickel and niobium—cobalt, with solubility of about
5% at room temperature), the transparency parameter is Tp ~ 2
and is the highest of all possible metal pairs. It is possible that
high transparency is facilitated not only in the mixing layer at
the interface between extremely thin film materials, but also by
a good matching of the band structures of two metals (see the
study in [21,22]). A detailed discussion of the boundary resis-
tance issue of two metals in contact and experimental data anal-
ysis for a number of magnetic and nonmagnetic metals pairs is

given in [23].

A number of previous studies suggest that a significant increase
in the interdiffusion of niobium and cobalt with an increase in
the substrate temperature will decrease the transparency param-
eter T and worsen the functional parameters of the layered S/F
heterostructure.

The implementation of optimal technological processes is re-

quired to minimize these defects and imperfections of layered

Beilstein J. Nanotechnol. 2020, 11, 1776-1788.

nanosystems. This would require basic research for a deep
understanding of the physical and chemical processes taking
place at different structural levels of the used materials. In addi-
tion, the development of manufacturing technology for a funda-
mentally new device for superconducting spintronics requires a
long period of equipment time and highly specialized know-
ledge, together with a large number of experiments aimed at op-

timizing the process.

Thus, due to the laborious nature of vacuum technologies, the
high cost and long duration of experimental methods for inves-
tigation of the physics and chemical properties of S/F nano-
system formation, it would be very useful to develop new inte-
grated methods that combine theoretical modeling and experi-
mental methods for analyzing the formation processes and prop-
erties of this class of functional nanomaterials and nanostruc-
tures. Here, computer simulation can significantly reduce the
number of technological steps and adjustments required to
obtain the desired multilayer nanostructure.

It should be noted that mathematical modeling is widely used in
the design and analysis of various nanosystems properties
[24,25]; however, in relation to the considered class of multi-
layer nanosystems for spintronics, the number of works is
extremely limited.

This work presents the advancements in our previous studies on
the modeling of various nanosystems [26-29], including spin-
tronic studies [30-32], where the aim was to investigate the in-
fluence of selected technological parameters (substrate tempera-
ture, concentration and spatial distribution of the deposited
atoms over the interface) on the structure and morphology of

the layered nanosystem.

Mathematical Model and Theoretical
Foundations

The formation processes and the structure of multilayer systems
for spintronics applications were studied by the molecular dy-
namics method [33,34]. Molecular dynamics describes the
motion of each nanosystem atom at a certain point in time,
therefore, it is possible to reproduce the detailed evolution of
nanoelements and their properties. The basis of the method is
the equations of motion of all atoms supplemented by the initial
conditions in the form of atom coordinates and velocities:

d2 oU (r dr; (¢
mi;;:_%*—l?ex’ ri(tO):riO’ #:Vio’
(D
i=1,..N,
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where N is the number of atoms that form the nanosystem. In
this equation, m; is the mass of the ith atom; r;(, r;(¢) are the
initial and current radius vector of the ith atom, respectively;
U(r) is the system potential, which depends on the relative posi-
tion of all atoms; V;q, V;(¢) are the initial and current speed of
the ith atom, respectively; r(¢) = {ri(?), r(?), ..., ry(t)} shows
the dependence of the location of all the atoms in the system;
F.y is the external force, which reflects the interaction of the
nanosystem with the external environment, including adjust-

ments to the energy to maintain a constant temperature.

The molecular dynamics method is based on the concept of
potential U(r), which is responsible for the nature and magni-

tude of the interactions of the atoms in the nanosystem.

There are many possible choices for the type of potential, but
recently, due to its accuracy and adequacy, many-particle force
fields have gained great popularity. In this work, we used the
potential of the modified embedded-atom method (MEAM)
which is based on density functional theory (DFT). In this
method, the resulting potential of the nanosystem is represented
as the sum of the energy contributions of the individual atoms,
and the contributions of pair and multielement interactions are

considered separately. Thus,

U(r)=2Ui(r)=X| Fi (p) %2%‘ ()b i=1.2..N, @

i J#i

where U;(r) is the potential of an individual atom, affecting the
type and degree of interaction in the equations of motion (Equa-
tion 1); F; is the atom immersion function, which is dependent
on electron background density p;; ¢;;(r;;) is a contribution of

the pair potential to the total energy, which varies with distance

rij-

The immersion function is corrected by the force field created
through pair interactions and refines this value. This value is
due to the presence of electron gas in the material and, in accor-

dance with [33,34], can be calculated by the formula

F()-| AEPn(P). P20 .,
- 4E B <0

where A; is an empirical force field parameter; Eio is the value
of sublimation energy; and p; is the value of the background
electron density.

To calculate the background electron density at the immersion

point, the following equation is used in which all electronic
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orbitals of atoms of various configurations contribute their
terms as

()| B @

where the parameters t,(k) are the weight coefficients of the
model; p? is the magnitude of the background electron density
of the initial structure; and pik characterizes the change in
electron density under real conditions. The indices k = 1,2,3
represent the different types of electronic orbitals of an atom.
In this sense, there are spherically symmetric one-electron
s-orbitals and angular-electron p-, d-, and f-clouds. The elec-
tronic distribution density of each orbital is calculated accord-

ing to its own formula:
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where pA®) are radial functions; S;j is the potential shielding
function; and 7, is component a from the distance vector be-

tween atoms a,B,y = x,y,z.
The functional G(I') in Equation 4 can be defined in various

ways. One of the most popular formulations is used here and is

given as follows:
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The weight coefficients of the MEAM from Equation 4 also
have an additive relationship with single-electron radial func-

tions given as

P= 2 , (10)
(k) )" ,4(0)
2inj (to,j P Sy

where t(()kj) are empirical parameters that depend on the chemi-

cal type of the element.

Distance energy smoothing in MEAM is achieved by intro-
ducing a shielding function. Using the screening function, the
attenuation of the potential occurs gradually, which allows one
to provide a more physically accurate nanomaterial properties

description and reduces computational costs during simulation:

Te — 1 Cl’kj - Cmin,ikj
S"f':f{ ArJH‘fCC —C .|
k#i,j max,ikj ~ ~min,ikj
22,22 4 (11
Co 140 0 ik T G Ty
& 4 (2 2V
Tij _(rik_rjk)
1, x>1
2
fo(x) = [1_(1_x) ] L 0<x<l, (12)
0,x<0
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where Cphin, Cmax are the parameters of the mutual influence
of atoms, depending on their chemical types, and are set for
each triple of atoms with numbers i, j, k. In Equation 11, r. is
the distance at which the force field is cut off and f.(x) is a func-
tion that smooths the potential after x exceeds the cutoff dis-

tance re.

Problem Statement and Software

The influence of the process parameters on the formation of
spin system S/F hybrid structures is studied for a multilayer
nanosystem based on cobalt and niobium. This system is a func-
tional material that has demonstrated a giant spin-valve effect,
which was theoretically and experimentally investigated in
previous works [13,19,35]. In these works, the authors pro-
posed a new design and performed the calculation of a spin
valve consisting of superconducting plates and an artificial
magnetic metamaterial placed between them, formed by period-
ically alternating thin and thick nanolayers of a ferromagnetic
metal. The thickness of the layers affects the magnetic exchange
interaction between ferromagnetic layers, which allows for the
possibility of artificial magnetic metamaterials designed with

tunable properties.

The choice of niobium and cobalt as the metals forming the
nanolayers is made because of the wide potential of using these
elements in spintronics. At the moment, not only has research
been carried out on spintronic devices involving these metals

[36,37], but also new patents are being issued [38-40].

The general scheme of the investigated nanosystem is presented
in Figure 3.

The numbers in Figure 3 next to the elements in the layers
represent their thickness in nanometers. The sample production
is carried out by the magnetron deposition method in vacuum.
In general, a nanosystem contains about 20 layers. In this work,

X -@>
j\ x6 +
/ y
K
%
) Nb25 gl Nb25 > <@

Col.5

Figure 3: Sketch of a Nb/Co spin-valve nanosystem. The numbers next to the elements in the layers represent the layer thickness in nanometers.
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we consider the deposition of only the first four layers of cobalt
and niobium.

The general problem statement for the multilayer nanosystem
formation process modeling is presented in Figure 4. The first
material layer formed by atoms of single-crystal niobium (in the
real deposited structures niobium layers have crystalline struc-
ture [18]) serves as the substrate and the basis for the vacuum

deposition of subsequent nanofilms.

Material
evaporation
zone

:::::0. Sz.;.f

{1l

(= Substrate and =)

formed nanofilms

Deposition
area

y X

Layer of fixed atoms

Figure 4: Scheme of the multilayer nanosystem formation modeling
processes. The nanosystem contains a material evaporation zone,
atom deposition area, and a substrate with a fixed lower layer of
atoms. During the first nanofilm formation, the deposition is carried out
directly on the substrate; subsequent depositions are made on the
substrate with previously formed nanofilms.

The substrate is placed in the lower region of the computational
cell; its extreme layer is fixed to prevent chaotic movement of
the sample during the simulation. In the horizontal direction,
periodic boundary conditions are imposed on the computational
cell, which reduces the computational cost. In the upper region,
boundary reflection conditions are present so that the deposited
atoms do not leave the modeling system. The deposition process
is simulated by the appearance of atoms in the evaporation zone
above the substrate. In this case, the deposited atoms gained
speed towards the substrate. The layers are sprayed in stages.
During the formation of all layers, the magnetic field was

absent in the nanosystem.

The temperature and pressure for the deposited atoms was not
regulated. The deposited atoms are given an initial velocity of
approximately 0.1 A/ps (or 10 m/s) towards the substrate sur-
face. Subsequently, the speed of these atoms gradually
decreases due to the energy exchange with the substrate surface

atoms and the upper atom’s layers of the formed nanolayers.
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The substrate temperature in each calculation is held constant.
The concentration of the deposited atoms was about five atoms

per cubic nanometer.

The upper boundary of the computational cell was shifted
during the transition to the deposition of the next nanolayer by
the value of its thickness. Thus, the deposition region above the
substrate turned out to be approximately the same for each
nanosystem layer. The process parameters that affect the result-
ing nanomaterial properties were the following: the deposition
rate, controlled through the number of deposited atoms per unit
time; substrate temperature; and spraying flux density, which
was determined by the area of the evaporation zone.

As the computational module of the program for theoretical
research, the large-scale atomic/molecular massively parallel
simulator (LAMMPS) computing complex was used [41]. This
software and tool package is freely distributed, contains the
ability to perform parallel computing and supports multilevel
mathematical models, including molecular dynamics. The
results analysis algorithms were described in TCL and C++.
Based on LAMMPS, scripts and algorithms were developed and
implemented for a detailed study of the structure and spatial
profile of a S/F material. The results were visualized using the
Visual Molecular Dynamics (VMD) [42] and Open Visualiza-
tion Tool (OVITO) [43] software packages, which not only
provide images of nano-objects atomic and molecular struc-
tures, but also construct spatial profiles and distributions by the
target parameter, e.g. height or coordination number.

Results and Discussion

A series of numerical experiments on modeling the multilayer
hybrid structure formation processes based on cobalt and
niobium were performed. The variable elements in the studies
were the material fabrication technological parameters, includ-
ing the substrate temperature, the intensity and area of the depo-
sition flow. The influence of technological modes was evalu-

ated in comparison with the basic version of the nanosystem.

As a basic variant, the growth processes were considered at
300 K (substrate temperature) and deposition was carried out by
a uniform flow over the entire surface of the substrate. The term
temperature in this work is synonymous with substrate tempera-
ture.

The temperature of the nanosystem was controlled using a
Nose—Hoover thermostat. The deposited atoms had a directed
velocity; therefore, they were not involved in the direct correc-
tion of the thermostat. The formation of a multilayer system
was carried out in several stages. Each layer was deposited by

the sequential deposition of niobium or cobalt.
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At the first stage, cobalt was deposited on a substrate formed by
niobium atoms. The substrate had a crystalline structure with a
height of 3.7 nm and a width of 13.2 nm in the horizontal direc-
tion. For the mark of zero height, from which the layers of the
deposited material began to form, the substrate surface was
chosen. The number of niobium atoms in the substrate was
33,600.

To match the simulation results and experimental data, in addi-
tion to the required nanolayer thickness, 18,000 cobalt atoms
were deposited on the substrate in the first stage, 70,000
niobium atoms were deposited in the second, and 30,000 cobalt
atoms were deposited in the third stage. As a result, three
nanofilms with a thickness of 1.5 nm, 8.0 nm and 2.5 nm were
formed. The duration of the layer deposition process under
normal conditions was chosen according to the desired thick-
ness and was 0.2 ns, 0.6 ns, and 0.4 ns, respectively. An image
of a multilayer nanosystem resulting from the mathematical
modeling is presented in Figure 5.

Figure 5 clearly demonstrates the niobium and cobalt layered
nanosystem formation: the layers formed by niobium and cobalt
atoms have a polycrystalline structure. In this case, groups of
atoms are combined into domains with different spatial orienta-
tions. The blurring of the contact area between the layers and a
less even surface profile compared to niobium are noticeable.

A quantitative characteristic of the material spatial structure can
be obtained by calculating the coordination number. The coor-
dination number in crystallography reflects the number of
nearby equally distant atoms of the same type in the crystal
lattice. The number of nearest neighbors determines the materi-
al packing density. For different types of crystal lattices, the
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Figure 5: Multilayer nanosystem of niobium and cobalt. The contact
points of the nanofilms are indicated by (b) and (c). At the indicated
contact points, the distribution of coordination numbers is given in
Figure 6. The substrate temperature was fixed at 300 K.

coordination number will be different. The cubic volume-
centered lattice (characteristic of niobium) has a coordination
number equal to 8, whereas the hexagonal close-packed lattice
(corresponding to cobalt) is 12. For the formed nanosystem, the
change in the average value of the coordination number in the

layers was calculated and shown in Figure 6.

The change in the coordination number in Figure 6 correlates
with the structure of the nanomaterial shown in Figure 5. The
niobium substrate has a parameter value close to 8, which indi-

cates its crystalline structure. The cobalt nanofilms are charac-

CN |

1
1
—T=500 K

10

—T=800 K

TS
/
/

s

-3

3

5 7 9 H,nm

Figure 6: Change in coordination (CN) number along the z-axis (shown in Figure 5) in Nb and Co layers of the nanostructure. The contact points of
the nanofilms are shown by the dashed vertical lines. The distribution is plotted for substrate deposition at 300, 500, and 800 K.
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terized by a higher coordination number in the range of 10-11.
This value does not reach 12, which corresponds to the ideal
crystalline state of a hexagonal close-packed lattice, indicating
an amorphous-like structure of cobalt nanofilms. Variations in
the coordination number within the intermediate niobium layer
are more significant. When approaching the contact regions
with cobalt, an increase in this parameter is observed.

Thus, it was shown that the structure of the nanomaterial
depends not only on the current layer characteristics, but also on
the structural features of the regions adjacent to it. In addition,
the temperature has a definite effect on the number of nearest
neighbors in a nanosystem, and therefore on its structure and
properties. A significant decrease in the coordination number in
the outer layers of the last nanofilm is associated with the sur-
face effects and boundary phenomena appearance in that region.
The spatial distribution of this parameter is shown in Figure 7.

The spatial distribution of the coordination number in the
formed multilayer nanocomposite, illustrated in Figure 7, char-
acterizes its structure in more detail. The dashed lines in
Figure 7 indicate the locations of the parallel sections shown in
Figure 7b and Figure 7c. The sections correspond to the contact
zones of the nanolayers and are also marked in Figure 5. The
color profile of the coordination number corresponds to an in-
creased value for cobalt layers. The value of the parameter in
these layers is variable with a spread over a certain range of
values. The niobium substrate has a lower coordination number.
The structure of this region was initially crystalline and changed
insignificantly during modeling and deposition. An interesting
effect is observed in the intermediate niobium nanolayer, where
distinct crystallization zones appeared. Crystallization zones

Beilstein J. Nanotechnol. 2020, 11, 1776—1788.

have a higher coordination number and are characterized by a
denser packing of atoms. The described regions arise in suffi-
ciently thick films mainly near cobalt layers. The initial metal
crystal lattice mismatch causes mutual rearrangements of atoms

and structure transformation inside the material.

The next series of computational experiments was aimed at
understanding the deposition flux area influence and the
modeling region size on the structure and morphology of the
simulated layered nanosystem. Figure 8 shows these parame-
ters of the nanosystem.

The change in the area of the deposition flow, illustrated in
Figure 8a, was carried out by reducing the evaporation zone of
the starting materials shown in the upper region of this figure.
The spray flow area was reduced four times from the original
value.

Also, nanocomposite formation modeling was performed on a
scale reduced by four times. In this case, the number of
deposited atoms in each layer was proportionally reduced so
that the thickness of the formed nanofilms did not change.

The deposition flow area influence and the modeling region size
on the relative layer-by-layer nanosystem composition are
shown in Figure 9. The dependencies without an index in paren-
theses correspond to the nanosystem formation in its basic
mode. The analysis of this result reveals a decrease in the evap-
orated metal content and a decrease in the calculated region,
which does not lead to the rearrangement of the active atoms or
a change of the nanolayer composition. A decrease in the area
of the deposition flux led only to the increase in the atomic

Figure 7: Spatial distribution of the coordination number in the formed multilayer No—Co (a) system and in its parallel sections (b) and (c). Substrate

temperature is 300 K.
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Figure 8: The area of deposition flow (a) and the size of the simulation area (b). The deposition flow area is shown at the top of (a) with solid black
lines. The narrowing of the computational domain in (b) is illustrated by the factor x0.5 in the horizontal direction.

N.% //
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20
0
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Figure 9: Relative layer-by-layer composition of the No—Co nanosystem when the deposition flux is reduced by four times (1) and the modeling area
is reduced by four times (2). The parameter N is the cobalt or niobium percentage in the horizontal nanofilm layers. The substrate temperature is

300 K.

density zone in the upper region above the substrate. Leaving
the evaporation zone, the deposited atoms tend to occupy a
more energetically favorable state and are scattered in an evenly
distributed layer throughout the entire free volume. When the
deposited atoms reach the substrate surface, the effect of
reducing the flux is leveled.

A decrease in the nanosystem transverse size by a factor of
four also did not affect the nanosystem layer composition,

which can be seen in Figure 9. The dependence of the niobium

and cobalt fractions slightly differ from the basic version of the
nanosystem.

Changing the size of the simulation area allows us to analyze
how well the computational cell is represented. Small computa-
tional domains can lead to incorrect simulation results due to
the appearance of boundary effects. As follows from the calcu-
lations, a four-fold decrease in the volume of the nanosystem
did not affect the nanocomposite layer composition. The layers

are connected at the same places, and the proportion of niobium
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and cobalt differ slightly from the main part of the sample. The
obtained data indicate that the initially selected modeling area is
fully representative, and the results properly reproduce the

properties of the modeled nanosystem.

The next series of computational experiments was aimed at elu-
cidating the dependence of the multilayer nanosystem structure
on the flux density of deposited atoms. This value is controlled
by an increase or decrease in the number of deposited atoms per
unit time introduced into the system from the evaporation zone.
Here, numerical calculations for the nanofilm variations with a
2-fold increase and a 1.5-fold decrease of the deposited atom
flux density are performed.

The relative layered composition of the nanocomposite for the
calculations is shown in Figure 10. Here, the fraction of ele-
ments in the composition during the nanolayer formation when
the deposition rate was reduced by 1.5-fold is shown by the
solid lines without markers, the increased intensity is repre-
sented by dashed lines without markers and the base atom depo-
sition intensity is represented by solid lines with markers. The
analysis of Figure 10 reveals that a decrease in the deposition
rate of the metals did not significantly affect the composition
distribution within the layers of the multilayer nanosystem.

An increase in speed led to a deviation of the composition from
the data obtained in the basic version of the calculation. A sig-
nificant increase in the flux intensity leads to higher agglomera-
tion of the metal atoms above the surface of the substrate. The
structure of the resulting nanofilms directly depends on the size
of the deposited clusters and does not always have time to

N, %
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rebuild upon direct contact with the surface. Due to the effects
that arise, inhomogeneity, dislocations, and voids can occur in
the material. The deviations in the constructed composition in
the upper layers of the nanocomposite were due to a more
rarefied structure, and additional mixing of the nanofilm con-
tact regions is especially noticed. The conducted studies indi-
cate that there is a critical deposition rate, whereby a higher rate
leads to the formation of a nanomaterial with a different struc-
ture. Since in real technological processes the deposition is
carried out using a sufficiently low intensity (about 1000 nm per
hour), in order to obtain physically adequate results, the deposi-
tion process must be simulated at a speed not exceeding this
critical value. On the other hand, there is no need to increase the
duration of the nanofilm growth stage. The maximum should
approximate the true experimental value, and as given in

Figure 10, the structure and composition in this case are similar.

A series of computational experiments was carried out in which
the multilayer Nb—Co nanosystem formation was studied in the
temperature range of 300-800 K for substrate temperatures of
300, 500, and 800 K, respectively. The simulation results are
presented in Figure 11 in the form of a percentage composition
of the nanosystem.

The calculations showed that the temperature of the substrate
significantly affects the nanosystem structure formation. An
increase in temperature leads to an increase in the total thick-
ness of the nanosystem (at 800 K, this value is increased by
0.3 nm compared with a temperature of 300 K). The region of
mutual penetration of Nb atoms into the Co layers (and vice
versa) also increases, which is clearly seen in Figure 11.

100 ¢ o

80

60

—@— Nb (normal rate)
—&— Co (normal rate)

40

’ Nb (rate x0.67) E iy
] / / Co (rate x0.67) o\
20 = = = =Nb (rate x2.0) K -‘
| J = = = =Co (rate x2.0) N “
‘ x \\£
0 3 >
0.5 1.5 4 . 95 H,nm

Figure 10: The relative layered composition of the No—Co nanosystem for different deposition rates. The parameter N is the cobalt or niobium per-
centage in the horizontal nanofilm layers. The substrate temperature is 300 K.
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Figure 11: The percentage composition of the Nb—Co multilayer nanosystem formed at a substrate temperature of 300, 500, and 800 K. The parame-

ter N is the cobalt and niobium percentage in the horizontal nanofilm layers.

Noticeable variations in the nanosystem layer composition at
the interface regions of all nanolayers are visible. The obtained
results indicate the multilayer nanosystem formation processes
vary significantly including the atomic structure of the inter-
face contact areas, as well as the multilayer nanosystem compo-
sition and structure due to the increase in the thermal diffusion

processes.

Conclusion

The paper proposes a technique and describes a mathematical
model for studying technological modes and parameters in the
manufacture of multilayer nanosystems. The model was tested
in the study of the formation of a nanosystem based on a hybrid
niobium and cobalt structure for a superconducting spin valve
design. The influence of various technological parameters was
investigated including substrate temperature, deposition flow
rate and density, and the nanosystem dimensions.

An analysis of the coordination number distribution in the mate-
rial showed that the layers have a different structure when
multilayer nanofilms are formed under normal conditions. The
niobium substrate structure is close to crystalline; cobalt
nanofilms are characterized by an amorphous-like structure. In
the thickened niobium layer, crystallization zones are observed
where direct contact with the cobalt nanolayer occurs. The
crystal lattice mismatch of the starting metals causes mutual re-
arrangements of atoms and the structure transformation inside

the nanosystem.

It was also found that a decrease in the area of the deposition
flux and the simulation region by 75% of the initial value does

not lead to atomic rearrangement or to a change in the nanofilm

composition. A decrease in the deposition flux area caused an
increase in the atomic density zone in the upper region above

the substrate.

The adjustment in the number of vaporized atoms per unit time
and the duration of the nanofilm deposition stages revealed the
layer and contact area compositional dependence on the intensi-
ty of the starting element deposition. A significant increase in
the deposition flux intensity led to the appearance of inhomo-
geneities, dislocations and voids inside the formed nanosystem
due to the preliminary clustering of free atoms.

In order to obtain representative results that correspond to
real technological processes, it was found to be critical to
model the growth mechanisms of nanoscale films and layers
using a deposition rate not exceeding the critical value of clus-
tering.

It was also found that the substrate temperature is a leading
factor affecting the multilayer nanosystem formation, the
atomic structure of the interface contact areas, as well as the
composition and structure of the multilayer nanosystem as a
whole.

The results presented in this work can be used as a tool to
support future experimental investigations and for adjusting and
optimizing technological processes related to the production of

multilayer nanosystems and devices for spintronics.
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