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Abstract

In this study, zinc telluride (ZnTe) films were grown on quartz substrates at room temperature, 300 °C, 400 °C, 500 °C, and 600 °C
using RF sputtering. The thickness of the films has been found to decrease from 940 nm at room temperature to 200 nm at 600 °C
with increasing substrate temperature. The structural investigation using grazing incidence angle X-ray diffraction revealed that
films deposited at room temperature are amorphous; those deposited at other substrate temperatures are polycrystalline with a cubic
zincblende structure and a preferred orientation along the [111] direction. An increase in crystallite size (from 37.60 = 0.42 A to
68.88 + 1.04 A) is observed with increased substrate temperature. This leads to a reduction in microstrain and dislocation density.
The optical studies using UV-vis—NIR spectroscopy reveal that the transmittance of films increases with substrate temperature.
Further, the shift in transmittance threshold towards lower wavelengths with substrate temperature indicates that the optical
bandgap of the films can be tuned from 1.47 = 0.02 eV to 3.11 + 0.14 eV. The surface morphology of the films studied using atomic
force microscopy reveals that there is uniform grain growth on the surface. Various morphological parameters such as roughness,
particle size, particle density, skewness, and kurtosis were determined. Current—voltage characteristics indicate that the conduc-
tivity of the films increased with substrate temperature. The observed variations in structural, morphological, and optical parame-
ters have been discussed and correlated. The wide bandgap (3.11 eV), high crystallinity, high transmittance, and high conductivity

of the ZnTe film produced at 600 °C make it a suitable candidate for use as a buffer layer in solar cell applications.

Introduction
The industrialization and burning of fossil fuels to fulfil the energy can act as a substitute for these non-renewable energy
growing demands of energy results in environmental pollution. resources because of their sustainability and abundance. Com-

Environmentally friendly resources such as solar and wind monly, silicon-based solar cells are used for this purpose. How-
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ever, the requirement of very pure material for making these
devices leads to high production cost. Metal chalcogenide-based
solar cells, because of their low cost and comparable efficiency,
can act as a substitute for the Si-based technology. Metal
chalcogenide (II-VI) compounds have numerous applications in
optoelectronic devices such as light-emitting diodes [1], display
devices [2], infrared detectors [3], and terahertz emitters [4].
Owing to their suitable physical properties (deposition at low
temperatures and good thermal stability) and unique optical
properties due to quantum confinement size effects, metal
chalcogenides are of importance in different technological
domains. Metal chalcogen compounds are composed of a transi-
tion metal with one or more members of the chalcogen family,

and they exhibit semiconducting properties.

Zinc telluride (ZnTe) is a binary II-VI semiconductor with a
direct bandgap of 2.26 eV, which lies in the visible range of the
electromagnetic spectrum. ZnTe is a p-type semiconductor
because of zinc vacancies and has a low electron affinity of
3.53 eV at room temperature [5]. It exists in both zincblende
and wurtzite structures, depending on the deposition method
and deposition parameters. ZnTe is sensitive towards visible
and infrared illumination; hence, it is used in the fabrication of
optoelectronic devices and infrared detectors. Moreover, its
electrical aspects are alterable in intrinsic or doped binary
(ZnTe) and ternary (CdZnTe) compounds.

Currently many efforts are made to increase the efficiency of
CdTe-based solar cells. A maximum efficiency of 22.1% has
been achieved using CdTe-based solar cells. The efficiency can
be tuned by the formation of a stable ohmic back contact. For
this, a material with a bandgap greater than 5.78 eV, that is, the
sum of CdTe electron affinity (4.28 eV) and bandgap (1.5 eV),
would be required. Such a material is not available; therefore,
the formation of a Schottky barrier is unavoidable. Because of
the small 0.1 eV valance band offset at the CdTe/ZnTe inter-
face, which is best for carrier transport, ZnTe can be used as a
buffer layer in CdTe-based solar cells for back contact. More-
over, n-type zinc telluride films can be used in the window layer
as a substitute for CdS [6].

Zinc telluride films are highly resistive with a resistivity of
about several megaohm-centimetres [7]. The resistivity of the
films depends on the structure, grain boundary defects, and sur-
face morphology of the films. These properties can be altered
by varying the deposition method as well as the deposition pa-
rameters. In literature, there are several reports of zinc telluride
films deposited using various physical and chemical methods
such as molecular beam epitaxy [8], electron-beam evaporation
[9], thermal evaporation [10], pulsed laser deposition (PLD)
[11], and RF sputtering [12]. RF sputtering is a versatile tech-
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nique because various process parameters such as RF power,
deposition time, substrate—target distance, substrate tempera-
ture, and pressure during deposition inside the chamber can be
varied. These process parameters have a remarkable impact on
the structural, optical, and electrical properties of the grown
films. Further, films with uniform thickness can be grown using
this technique.

Bellakhder et al. [13] have investigated the impact of varying
RF power on the structure, optical, and electrical properties of
RF-sputtered ZnTe films and found that the deposited films are
highly resistive and have low refractive index because of the
polycrystalline nature of films. Isik et al. [14] carried out studies
on the structure and temperature-dependent optical properties of
magnetron-sputtered ZnTe films. Bacaksiz et al. [15] reported
the effect of substrate temperature (—123 and 27 °C) on struc-
tural, morphological, optical, and electrical properties of ZnTe
films deposited by evaporation. Rakhshani et al. [16] reported
the impact of substrate temperature (35 and 305 °C), thermal
annealing, and nitrogen doping on optoelectronic properties of
ZnTe films and established an optimal doping concentration of
nitrogen for lowering the resistivity of the grown films. Further,
there are reports [17-23] which show that chemical composi-
tion and morphology of the substrate affect the properties of
grown films. Therefore, a suitable substrate needs to selected
before the deposition of films. The thermal expansion coeffi-
cient of substrate and the lattice mismatch between film and
substrate are two important parameters for substrate selection.
To the best of our knowledge, studies related to the impact of
the substrate (silicon and quartz) and film deposition tempera-
ture up to 600 °C on the structural, morphological, optical, and
electrical behaviour of RF-sputtered ZnTe films are very rare.
Therefore, it is necessary to carry out a detailed study in this
regard and to find out the optimum parameters for film deposi-
tion for applications in optoelectronic devices.

Recently we reported the impact of substrate temperature on the
structure, morphology, and reflectance behaviour of ZnTe films
on silicon substrates [24]. It was observed that 400 °C is the
optimum temperature for the growth of ZnTe films.

In this study, our we focus on optimizing the deposition param-
eters for ZnTe films on quartz substrates and study the impact
of substrate temperature (300-600 °C) on various physical
properties (structure, morphology, optical and electrical proper-
ties, and luminescence) of RF-sputtered ZnTe films. Quartz is
an import substrate because of its high transparency, high
melting point, and low thermal expansion coefficient. This
study helps in optimizing the substrate temperature to grow
films with superior quality in terms of grain size, dislocation

density, and optical and electrical properties to enhance the
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performance of ZnTe-based optoelectronic devices and solar
cells.

Experimental

ZnTe films were deposited on quartz (Qz) using RF sputtering
at different substrate temperatures. Prior to film deposition, the
substrates were cleansed in an ultrasonic cleaner using acetone
and isopropyl alcohol sequentially for 10 min at room tempera-
ture. The cleaned substrates were then dried in air and placed on
the substrate holder in the chamber. A ZnTe target (dimensions
2 inch diameter and 3 mm thickness) having 99.99% purity was
used for sputter deposition of the films. The substrate was kept
at a distance of 7 cm from the target. The different deposition

parameters are specified in Table 1.

Table 1: Deposition parameters for film fabrication.

Deposition parameters ~ Value

RF power 60 W
base pressure 10~5 mbar
working pressure 10-3 mbar
deposition environment  Ar gas

Ar gas flow 10 sccm

substrate temperature room temperature (R.T.), 300 °C,

400 °C, 500 °C, and 600 °C

deposition time 30 min

The thickness of the fabricated ZnTe/Qz films was determined
using spectroscopic ellipsometry (SE). The experimental pa-
rameters p and A were recorded at an incident angle of 70° with
respect to film surface using a SENTECH ellipsometer in the
wavelength range of 200-1000 nm. The thickness of the films
was found to be 940 £ 0.53 nm, 623 = 0.16 nm, 563 + 0.02 nm,
337 £ 0.02 nm, and 200 = 0.30 nm for the films deposited at
room temperature, 300 °C, 400 °C, 500 °C, and 600 °C, respec-
tively.

The structural aspects of the ZnTe/Qz films were analysed
using grazing incidence X-ray diffraction (GXRD) on a Bruker
AXS D8 Advance with Cu Ka radiation (A = 1.5406 A) avail-
able at Jon Beam Centre, Kurukshetra University. The grazing
incidence angle was fixed at 0.5°. The diffraction pattern was
recorded in the 20 range of 20°-70° with a step increment of
0.07°.

The optical properties of ZnTe/Qz films were analysed from
transmittance spectra obtained using a Shimadzu UV-vis—NIR
spectrophotometer (UV-3600 Plus) equipped with Integrating
Sphere Assembly (Model-ISR-603) in the wavelength range of
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200-2000 nm (accuracy 1 A) available at Ion Beam Centre,

Kurukshetra University.

The photoluminescence (PL) emission spectra of ZnTe/Qz films
were recorded using a HORIBA Scientific (Fluorescence 3.5)
spectrophotometer under 320 nm excitation produced by a
xenon arc lamp.

For investigating the surface topography, atomic force micros-
copy (AFM) micrographs of ZnTe/Qz films were recorded
(scan area 2 x 2 um?) using a Bruker multimode-8 AFM in the
ScanAsyst mode at the Ion Beam Centre, Kurukshetra Univer-
sity. The obtained micrographs were then analysed regarding
various statistical parameters such as roughness, skewness,
kurtosis, and power spectral density using the NanoScope Anal-

ysis software.

Surface morphology and composition of the films were studied
by field-emission scanning electron microscopy attached
with energy-dispersive X-ray spectroscopy (EDS) operated at
10 keV.

The current—voltage (/I-V) characteristics of the films were
measured in the voltage range from —1 V to 1 V using a two-
probe Keithley 4200 A-SCS parametric analyser available at

Ion Beam Centre, Kurukshetra University.

Results and Discussion

X-ray diffraction studies

GXRD patterns of ZnTe films grown on quartz substrates at dif-
ferent substrate temperatures (R.T.—600 °C) are presented in
Figure 1. A broad hump in the GXRD pattern of the film
deposited at room temperature indicates that the film is
amorphous. The three diffraction peaks in the GXRD pattern at
20 =25.33°,42.04°, and 49.47° correspond to (111), (220), and
(311) reflection planes, respectively. They are observed for all
films deposited above room temperature. Another diffraction
peak at 20 = 67.17°, corresponding to (331) reflection planes,
starts evolving at a substrate temperature of 400 °C. Indexing of
peaks and comparison with JCPDS data (card no. 01-071-8947)
reveals that the deposited films are polycrystalline with a cubic
zincblende structure. At a substrate temperature of 600 °C,
some other diffraction peaks at 20 = 34.34° and 56.52° are ob-
served. Comparison with the JCPDS card no. 00-019-1482
reveals that these correspond, respectively, to the (102) and
(202) reflections of the hexagonal ZnTe phase. Thus, a mixture
of phases exists at this substrate temperature. Other very low-in-
tensity peaks at this temperature are from pure Zn and Te.

The deposition temperature affects the preferred crystallite ori-

entation. To quantitatively analyse the impact of deposition
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Figure 1: GXRD pattern of the ZnTe/Qz films deposited at room temperature and different substrate temperatures in the range of 300-600 °C.

temperature on the preferred orientation, the texture coefficient
(TC(hkl)) was determined using the relation [25]

I(hkl)

TC(hkl) = Iskh )

1~ [(hkl) ’
ZZ Ig(hk)

where I(hkl) stands for the Lorentz-fitted peak intensity, /(hkl)
represents the intensity of peaks in the referenced JCPDS data-

base at corresponding angles, and n represents the number of
peaks in the diffraction pattern. The calculated values of
TC(hkl) for different diffraction planes is given in Table 2.

TC values greater than or equal to one indicate the preferential
orientation in that particular (hkl) direction, that is, more crys-
tallites grow in this particular direction, while TC values less
than one indicate that the orientation is random. The TC value
of the (111) planes is greater than one, which indicates that
[111] is the preferred orientation for all ZnT/Qz film samples.

Table 2: The structural parameters crystallite size (D), dislocation density (A), microstrain (), interplanar spacing (dh), lattice constant (a), and
texture coefficient (TC) of ZnTe films fabricated at different substrate temperatures.

Substrate temperature (°C) 28 (°)  (hkl)  Crystallite size (D) A (x1077m™2) ¢e(x102)  dwug(A) a(Ad) TC
R.T. — — — — — — — —
300 2533  (111) 37.60 +0.42 0.7 43 3511  6.08 1.28
42.04  (220) 0.83
49.47  (311) 0.88
400 2534  (111) 54.26 +0.60 0.3 3.0 3510 6.08 1.32
4205  (220) 0.87
49.61 (311) 0.80
500 2530  (111) 52.11+1.10 0.36 3.1 3516 6.09 1.32
42.08  (220) 0.96
49.75  (311) 0.72
600 2535  (111) 68.88 +1.04 0.21 24 3509 6.07 1.34
42.04  (220) 0.74
49.61 (311) 0.91
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The TC value for the (111) planes increases from 1.16 to 1.34
with the rise of substrate temperature. Other preferred orienta-
tions are [220] and [311], but with a smaller degree of texture
compared to the [111] direction. The texture coefficient value
for the (220) planes increases from 0.83 to 0.96 and decreases
for the (311) planes from 0.88 to 0.72 with the rise of substrate
temperature (300-500 °C). At a substrate temperature of
600 °C, the TC value for the (311) planes is higher than that for
the (220) planes. Further, some other low-intensity peaks corre-
sponding to (102) and (202) planes are also observed at this
temperature, which indicates that, at higher substrate tempera-
tures, the preferred orientation and structure may change.

The higher texture coefficient of the (111) planes indicates a
minimum surface energy density of these planes because crystal
growth in films occurs in the direction of the lowest surface
energy. The intensity of X-rays in a diffraction pattern is a func-
tion of the atomic structure factor. The change in the texture
coefficient of different planes shows that the atomic densities of

the planes change with the substrate temperature.

The increase in intensity for the most preferred orientation
along the [111] direction is observed with rising substrate tem-
perature up to 400 °C. This may be because atoms have more
thermal energy with increasing substrate temperature; therefore,
the surface mobility of atoms increases, which leads to rear-
rangement and the increase in intensity. However, a decrement
in intensity is observed for the films deposited at higher sub-
strate temperatures of 500 and 600 °C. This may be because, at
rising substrate temperatures, the chance for dissociation and
desorption of atoms increases, which causes a decrease in the
intensity [26]. To investigate the effect of substrate temperature
on peak broadening of ZnTe films, various structural parame-
ters including crystallite size, microstrain, and dislocation den-

sity were calculated corresponding to the most prominent peak.

The crystallite size (D) was calculated using Scherrer’s formula
[27]

Do 0.94) ’ o
BcosO

where A = 1.5406 A is the X-ray wavelength and § denotes the
full width at half maximum (in radians).

The microstrain (¢) is calculated using the formula [27]

B

£= .
4tan 0

3

Beilstein J. Nanotechnol. 2025, 16, 333-348.

The dislocation density (A) is calculated using the formula [27]

A=—3 “)

where D represents the crystallite size.

The calculated values of D, €, and A are listed in Table 2. Films
deposited at R.T. are amorphous; therefore, the crystallite size
has not been calculated. The crystallite size increases from
37.60 to 54.26 A with the rise in substrate temperature from 300
to 400 °C. There is no appreciable change in crystallite size at
500 °C. While a significant increase in crystallite size from
52.11 A at 500 °C to 68.66 A at 600 °C is observed. All these
alterations in crystallite size can be explained in terms of
growth processes occurring during film fabrication. In RF sput-
tering, the film formation is preceded by three steps, namely,
condensation, nucleation, and crystallization on the substrate
surface. The mobility of atoms on the substrate surface is very
much affected by the substrate temperature. At low substrate
temperatures, because of the low diffusion rate and low
mobility of atoms, columnar microstructures form on the sub-
strate surface. With the increase in substrate temperature,
mobility and diffusion rate of atoms increase, which results in
the evolution of grains that further recrystallize at higher sub-
strate temperatures [28]. The observed variation in the crystal-
lite size is due to changes in mobility and diffusion rate of

atoms with substrate temperature.

The interplanar spacing (dp;) and lattice constant (a) were
calculated for the (111) plane using Bragg’s law [29],

_ ni
2sin®’

a=dyNh+k2+12, 6)

dpy )

where 0 represents the Bragg angle, A is the X-ray wavelength,
d is the interplanar spacing, and a is the lattice constant for a
particular (hkl) plane. The calculated values are presented in
Table 2. The lattice constant value for ZnTe/Qz films is slightly
larger than in the bulk (6.07 A, JCPDS card no.01-071-8947).
This may be on account of lattice mismatch or difference in
thermal expansion coefficient between film and substrate,
which ultimately lead to the development of stress and strain
within the film. At a substrate temperature of 600 °C, the lattice
constant value is the same as in the bulk material. The strain in
films occurs due to lattice mismatch between film and bulk. The
microstrain in films was calculated using Equation 3. The

microstrain decreases with increasing substrate temperature.
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This implies that imperfections along grain boundaries de-
crease with temperature. The dislocation density, which is
defined as the average number of dislocations present per unit
volume in a crystal was calculated using Equation 4, and it
decreases with increasing substrate temperature. The high value
of crystallinity and low value of microstrain and dislocation
density at 600 °C shows that good quality films can be fabri-

cated at this temperature.

35.2nm

-32.1 nm

400.0 nm

Height
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Morphological investigation

AFM was utilized to study the evolution of surface morphology
of ZnTe/Qz films grown at different substrate temperatures. 2D
and 3D AFM images (scan area 2 X 2 pm?) are presented in
Figure 2. The 2D images (Figure 2a—e) show that the surface of
all film samples is covered with densely packed spherical
nanograins. The 3D images (Figure 2a;—e;) reveal a columnar
growth on the surface of the films. The AFM micrographs were
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Figure 2: 2D (a—e) and 3D (a1—ey) AFM images and Height profile (ax—e5) analysis of ZnTe films deposited at (a, a1, ap) R.T. and substrate tempera-
tures of (b, by, bp) 300 °C, (c, ¢4, co) 400 °C, (d, dy, d2) 500 °C, and (e, e1, e2) 600 °C.
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analysed using NanoScope software, and various morphologi-
cal parameters including roughness, particle density, particle
size, skewness, and kurtosis were summarized in Table 3. To
investigate the quality of the surface and the texture of the
films, the root mean square roughness (Rq) was measured. Rg
for the ZnTe film produced at R.T. is 3.49 nm. It increases from
2.27 nm at 300 °C to 3.53 nm at 400 °C. There is no appre-
ciable change in roughness at a substrate temperature of 500 °C
(i.e., it lies within the error of the value at 400 °C). However, a
significant increase in roughness from 3.12 nm at 500 °C to
9.28 nm at 600 °C was observed. These results are in correla-
tion with our GXRD results, where a similar change in crys-
tallinity was observed with substrate temperature [30]. The sur-
face growth of films can be investigated in terms of two param-
eters, namely, height fluctuation and lateral aggregation among
the spherical nanograins. The height profile for ZnTe films
fabricated at various substrate temperatures is given in
Figure 2a,—e,. The height fluctuation is related to the number
density of particles, and the lateral aggregation is related to the
particle size [31].

Figure 2a,—e, shows that the height fluctuation first increases
from R.T. to 300 °C and then continuously decreases with sub-
strate temperature (300—-600 °C). This indicates that the particle
density first increases and then continuously decreases with
substrate temperature accordingly. The lateral aggregation on
the surface is inversely related to the height fluctuation. Thus,
lateral aggregation (i.e., particle size) first decreases on rising
the substrate temperature from R.T. to 300 °C and then continu-
ously increases with substrate temperature (300—600 °C).

The symmetry of the surface of grown films can be investigat-
ed in terms of skewness and kurtosis. A zero value of skewness
shows that the surface is symmetric, that is, a flat surface. Posi-
tive skewness values indicate that peaks are dominant, and
negative skewness values indicate that valleys are dominant.
The distribution of height on the surface is studied in terms of
kurtosis. A kurtosis value equal to three means that the height
distribution on the surface is Gaussian, and the surface is called

mesokurtic. A kurtosis value of less than three points toward a
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platykurtic surface, and a kurtosis value greater than three indi-
cates that peaks are dominant. It can be seen from Table 3 that
the skewness value is positive and the kurtosis value is greater
than three. This shows that peaks are dominant over valleys.
This is also evident from the 3D micrographs (Figure 2aj—e5).

The Ry value only gives information about the vertical fluctua-
tion in height on a surface. To get more insight into possible
surface growth mechanisms and variations in surface roughness,
both vertically and laterally power spectral density (PSD)
analyses were carried out. In PSD analysis, the surface is
divided into various spatial wavelengths, and a comparative
study of roughness is done over different frequency ranges.
Figure 3 depicts the log—log plot for the evolution of PSD with
spatial frequency (g) for ZnTe/QZ films deposited at different
substrate temperatures. The information about surface corruga-
tion is obtained from the slope of the line connecting two points
on the surface. The surface corrugation is small for points sepa-
rated by a length larger than the correlation length (n = 1/q¢).
As a result, for g < g, the PSD is independent of frequency,
and the surface is considered to be flat in this region. But for
q > q, surface corrugation is significant, and the PSD is found
to decrease with spatial frequency. The points where a sharp de-
crease in the PSD curve takes place are indicated in Figure 3 by
vertical arrows with values of ¢g. The integral of the PSD in the
entire frequency range is proportional to the surface roughness.
Therefore, PSD curves corresponding to higher roughness
should lie at higher ordinates compared to PSD curves for lower
roughness. In our case, it was found that the films fabricated at
300 and 600 °C had the lowest and highest roughness, respec-
tively. Therefore, the PSD curves for films fabricated at 300 and
600 °C are at the lowest and highest ordinates, respectively. The

PSD curve follows a power law as per equation

PSD=Aq ", )

where A is a constant and b is the power law exponent. The
value of b gives an idea about the film growth mechanism that

is accountable for morphological changes on the surface of

Table 3: Variation in surface parameters (i.e., skewness, kurtosis, roughness, density, and particle size) with substrate temperature.

Substrate temperature  Roughness Particle density ~ Particle size (nm)  Skew-ness Kurtosis =~ Power exponent (b)
(°C) (nm) (Hm2)

R.T. 3.49+0.27 37.43 59.03 + 1.74 0.94 4.64 2.20

300 227 +£0.24 82.22 54.72 +1.54 0.19 3.29 1.69

400 3.53+0.23 46.76 58.88 + 0.70 0.54 3.41 1.60

500 3.12+0.13 45.24 63.58 + 1.06 0.25 3.91 1.84

600 9.28 + 0.81 27.13 83.99 + 1.37 0.15 3.02 112
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Figure 3: Power spectral density (PSD)-vs-frequency curve of ZnTe films produced at (a) R.T. and substrate temperatures of (b) 300 °C, (c) 400 °C,

(d) 500 °C, and (e) 600°C.

ZnTe films grown on quartz substrate at different substrate
temperatures. Values of b equal to 1, 2, 3, and 4 represent
four surface growth mechanisms, that is, viscous flow, evapora-
tion—condensation, volume diffusion, and surface diffusion, re-
spectively. The experimental data was fitted using Equation 7 in
the high-frequency region, and the obtained values of b are
listed in Table 3. For the film deposited at R.T., the value of b
lies between 2 and 3, which implies that the possible surface
growth mechanism is a combined effect of evaporation—conden-
sation and volume diffusion. The b value for the films deposited
at substrate temperature of 300-600 °C lies in the range from
1.12 to 1.84. This shows that the possible surface growth mech-
anism at these temperatures is a combined effect of viscous
flow and evaporation—condensation [32].

The microstructure of ZnTe films deposited at different sub-
strate temperatures has been studied using FESEM. The
FESEM micrographs are presented in Figure 4a—e, along with
the EDS results (Figure 4a;—e1). The films consist of spherical
well-connected particles that are uniformly distributed over the
entire surface of the substrate. A significant change in particle
size along with a change in agglomerated particle density
occurs with increasing substrate temperature. The surface is free
from pinholes and voids, and clusters of particles can be seen.
Quantitative analysis of the surface composition was carried
out using EDS, and the obtained spectra are shown in
Figure 4a;—e. The existence of zinc and tellurium peaks indi-

cates the formation of ZnTe thin films. The silicon and oxygen

peaks are from the quartz substrate. The atomic percentages of
Zn and Te are listed in Table 4. The film deposited at room tem-
perature (R.T.) is of stoichiometric ZnTe. The elemental com-
position of the films changes with increasing substrate tempera-
ture. This variation in the atomic percentage of different ele-
ments may be due to the difference in the vapour pressures of
Zn and Te.

Optical properties

Transmittance, absorbance, and optical bandgap
The transmittance spectra of fabricated ZnTe/Qz films in the
wavelength range from 300 to 2000 nm are presented in
Figure SA. A number of interference fringes are observed in the
transmittance spectra for all film samples. The interference
fringes in the transmittance spectra result from the interference
of two beams, one reflected from the surface and the other from
the film—substrate interface. The occurrence of interference
fringes in the transmittance spectra implies that there is a well-
defined boundary between film and substrate and that films
with uniform thickness were grown [33]. The number of inter-
ference fringes in the transmission spectra is related to the
thickness of the deposited film. With increasing substrate tem-
perature, the desorption of atoms increases. For the film
deposited at substrate temperatures of 500 and 600 °C, the
thickness of deposited films is low compared to that of films
deposited at lower substrate temperatures. Because of this, the
transmission spectra of the films deposited at these substrate
temperatures differ from the others [15,17].
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Figure 4: FESEM micrographs (a—e) and EDS spectra (a1—e1) of ZnTe films deposited at (a, a) R.T., (b, by) 300 °C, (c, c1) 400 °C, (d, d{) 500 °C,

and (e, e1) 600 °C. (The scale bars are 2 um).
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Table 4: Elemental composition of ZnTe films obtained from EDS.

Beilstein J. Nanotechnol. 2025, 16, 333-348.

Element RT. 300 °C 400 °C 500 °C 600 °C
Zn (atom %) 50.47 45.14 43.54 44.02 22,58
Te (atom %) 49.53 36.33 22.09 17.65 5.43
Si (atom %) — 7.22 15.84 17.83 32.45
O (atom %) — 11.31 18.54 20.50 39.54
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Figure 5: Variation in (A) transmittance, (B) absorbance, and (C) absorption coefficient with wavelength of ZnTe films produced at (a) R.T. and sub-

strate temperatures of (b) 300 °C, (c) 400 °C, (d) 500 °C, and (e) 600 °C.

From the transmittance spectra, it has been found that the films
deposited at room temperature exhibit transparency in the NIR
region only. Whereas the films deposited at higher substrate
temperatures exhibits transparency in both visible and NIR
regions. Further, it is observed that the average transmittance of
the films increases with increasing substrate temperature, which
may be because of the higher crystallinity of films with increas-
ing substrate temperature. The enhancement of transmittance in
the vis—NIR region with increasing substrate temperature indi-
cates a possible application of these films in optoelectronic

devices. The variation in absorbance with wavelength for ZnTe

films deposited at different substrate temperatures is presented
in Figure 5B. It has been found that the films exhibit maximum
absorbance in the visible region, which later decreases with the
increase in wavelength. This decrease in absorbance with wave-
length may be due to interband electronic transitions between
the conduction band and ionized donor levels.

The absorbance was also found to decrease with increasing sub-
strate temperature. This is due to the increase in the trans-
parency of films with increasing substrate temperature. A blue

shift in the absorption edge was observed with increasing tem-

342



perature. The absorption coefficient (o) for the produced films

was determined from the transmittance spectra using the rela-

tion [34]
o= —1 In —1 8
t T) ®

where T is the transmittance and ¢ represents the thickness
of films, which is about 940 = 0.53 nm, 623 * 0.16 nm,
563 £ 0.02 nm, 337 + 0.02 nm, and 200 = 0.30 nm for films
deposited at R.T., 300 °C, 400 °C, 500 °C, and 600 °C, respec-
tively.

Figure 5C shows the absorption coefficient as a function of the
wavelength for ZnTe/Qz films at different substrate tempera-
tures. From Figure 5C, it is observed that a has very low values
at higher wavelengths (=600 nm). The absorption coefficient in-
creases very slowly in this region. In contrast, a sharp increase
in a is observed in the lower-wavelength (<600 nm) region.
This type of variation in absorption coefficient points toward
the existence of both direct and indirect bandgaps in a material.
ZnTe films exhibit both direct and indirect transitions [35,36].
Therefore, in this study we have determined both direct and
indirect bandgaps.

The Tauc relation was used to determine the optical bandgaps
(Eg) of ZnTe/Qz films [34]

m
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where & represents the Planck constant, v is the frequency of the
incident light, a is the absorption coefficient, and C is an
energy-independent constant. The value of the power exponent
m depends on the type of transition in the films. For a direct
allowed transition, m takes a value of 1/2. Figure 6 (left Y-axis
scale, Figure 6A(a,b,c) and Figure 6B(d,e)) shows the (ahv)2-
vs-hv graph for ZnTe films deposited at different substrate tem-
peratures. For obtaining E,, the linear portion of the graph was
extrapolated onto the x-axis. The intercept on the x-axis gives
the optical bandgap value. The direct optical bandgap value for
the film deposited at room temperature was found to be
1.47 eV, which is much less than that of the bulk counterpart,
which is 2.26 eV. This may be due to the presence of a high
density of localized states present near the band edge, which
was confirmed by GXRD results. Further, the direct optical
bandgap value increases from 2.19 eV at 300 °C to 3.11 eV at
600 °C. The increase in the direct bandgap value with substrate
temperature is assigned to the enhancement in crystallinity and
decrease in dislocation density in the films [15].

For indirect allowed transitions, m = 2. Figure 6 (right Y-axis
scale, A(a', b, ¢’) and B(d’, ¢')) shows the (ahv)!2-vs-hv plot
for ZnTe films deposited at different substrate temperatures.
The linear portion of the graph was extrapolated to find the
bandgap values. The indirect bandgap also increases, from
0.98 eV at R.T. to 2.63 eV at 600 °C, with the rise in substrate
temperature. Pal et al. reported changes in direct and indirect
bandgap values of ZnTe thin films with varying thickness [35].
However, the changes we observed for direct bandgaps
(1.47-3.11 eV) and indirect bandgaps (0.98-2.63 eV) are more
significant.
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Figure 6: Tauc plots for direct bandgap (left Y-axis scale, a—e) and indirect bandgap (right Y-axis scale, a'—e’) calculation of ZnTe films fabricated at
(A) RT (a, a') (displayed in inset), 300°C (b, b’), 400°C (c, ¢'); (B) 500°C (d, d’) and 600 °C (e, e'). R2 = 0.99.
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The existence of both direct and indirect bandgaps in a material
has implications regarding the efficiency of solar cells. The effi-
ciency of solar cells can be increased if most of the incident
photons are absorbed by the absorbing layer and used in charge
carrier generation. For this, a large thickness is required in solar
cell construction. But thickness has a negative effect on the effi-
ciency because the diffusion length of minority carriers is short
for large thickness; thus, not every charge carrier that is gener-
ated will participate in conduction. Direct-bandgap materials
also have a very short diffusion length of minority carriers,
while the diffusion length of minority carriers is very long for
the indirect-bandgap materials. Therefore, the best choice is a
material having both direct and indirect bandgaps along with
some localized states for photon absorption and charge carrier
generation [36]. The existence of both direct and indirect
bandgaps and their tuneable nature with substrate temperature
point toward the application of the fabricated ZnTe films in
solar cells.

Refractive index

The refractive index is one of the important optical parameters
as it is connected to the electronic polarizability, local fields in
the semiconducting material, and transmission. The refractive

index is related to the transmission of films through the relation

[37]
1 ( 1 jl/Z
n=—+| —— S
T \T-1

where T represents the transmission in percent. Figure 7 shows

(10)

the variation in refractive index with wavelength for films fabri-
cated at various substrate temperatures (R.T.—-600 °C). The
change in the refractive index shows a normal dispersion behav-
iour. The refractive index has a high value in the lower-wave-
length region. It decreases sharply and becomes nearly constant
in the higher-wavelength region. This is because, at lower
wavelengths, the absorption capacity of a material is high,
which results in a decrease in the speed of light, thus increasing
the value of n. The refractive index value is also found to de-
crease with increasing substrate temperature. This may be due
to the enhancement in crystallinity and decrement in disloca-
tion density with substrate temperature.

This variation in refractive index value is also associated with
the optical bandgap according to the Harve—Vandamme model
[38]

11
E,+B (an
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Figure 7: Variation in refractive index (n) with wavelength of ZnTe
films deposited at (a) R.T. and substrate temperatures of (b) 300 °C,
(c) 400 °C, (d) 500 °C, and (e) 600 °C.

where A (= 13.6 eV) and B (= 3.4 eV) are constants, and Eg
represents the direct bandgap. Using this formula, the refractive
index has been calculated. The refractive index value decreases
from 2.96 at R.T. to 2.31 at 600 °C because of the bandgap
increment [39]. The dielectric constant and the dielectric loss of
the deposited ZnTe films exhibit a similar pattern and were also
found to decrease with increasing substrate temperature (see
below).

Photoluminescence studies

Photoluminescence (PL) studies were carried out to analyse the
films’ electronic features. The photoluminescence occurs when
a material absorbs energy higher than its bandgap. In a semi-
conductor, this leads to the creation of a large number of elec-
trons and holes in comparison to their equilibrium concentra-
tion. These generated charge carriers recombine after thermal
relaxation, and photons with energy lower than the excitation
photon energy are emitted. The recombination can occur either
from band to band or through impurities and defects present
within an energy level inside the forbidden gap. Grain bound-
aries are responsible for non-radiative recombination processes.
For the present analysis, the PL spectra of the ZnTe films were
recorded at room temperature using an excitation wavelength of
320 nm from a Xenon arc lamp. Figure 8 shows the PL spectra
of ZnTe films deposited at different substrate temperatures. A
strong and broad emission spectrum is observed for all film
samples in the wavelength range from 420 to 453 nm, with
shoulders at 413 and 476 nm. With the increase in substrate
temperature (400—-600 °C), an additional peak at 563 nm
appears. A red shift in the emission peaks is observed at higher

substrate temperatures compared to the spectrum of the room-
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temperature sample. The peaks observed in the emission spec-
tra are accredited to deep and shallow band transitions. The
variation in the width of emission peaks may be due to the
change in the lattice environment with substrate temperature.
The photoluminescence intensity depends on the number of
charge carriers that undergo direct band-to-band recombination
[40]. The PL intensity decreases with an increase in substrate
temperature (300—600 °C). This may be because ZnTe exhibits
both direct and indirect bandgaps. The direct bandgap increases
with substrate temperature as shown in our bandgap studies.
Therefore, the possibility for indirect transition increases with
an increase in substrate temperature, which leads to a decrease
in PL intensity with substrate temperature. The decrease in PL
intensity corroborates our structural and morphological studies,
where it was found that both dislocation density and particle

density decrease with increasing substrate temperature [40].
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Figure 8: Photoluminescence spectra of ZnTe films deposited at
(a) room temperature (R.T.) and substrate temperatures of (b) 300 °C,
(c) 400 °C, (d) 500 °C, and (e) 600 °C.

Electrical studies

Figure 9 depicts the current—voltage (/-V) characteristics of
ZnTe films deposited at different substrate temperatures. The
I-V characteristics were recorded using a two-probe arrange-
ment provided with a Keithley 4200 SCSA parametric analyser.
For this, equally spaced ohmic contacts were made on the sur-
face of the films using silver paste. The characteristics were re-
corded in the voltage range from —1 V to 1 V. The [-V charac-
teristics are nearly linear and regular in both positive and nega-
tive voltage regions. This points towards a nearly ohmic con-
tact between ZnTe film and quartz substrate, which is neces-
sary for the fabrication of the optoelectronic device.

The conductivity (o) of films was determined using the relation
[41]

Beilstein J. Nanotechnol. 2025, 16, 333-348.

)

where p is the electrical resistivity, R is the resistance of the
film, A is the area of ZnTe film samples (width of film x thick-
ness of film), and / corresponds to the distance between the

(12)

probes (1 cm) while taking the measurement. The measured
values of resistance, resistivity, and conductivity are presented
in Table 5. The conductivity of the ZnTe films increases (from
1.42 x 1078 t0 6.02 x 107 Q~!.cm™!) with increasing substrate
temperature (from 300 to 600 °C). The increase in mobility,
variation in charge carrier concentration, and enhancement in
the crystallinity of the films with increasing substrate tempera-
ture might be the possible reason behind the increase in conduc-

tivity of films with substrate temperature [42].

Grain boundaries have a significant effect on the electric trans-
port properties in polycrystalline films. Grain boundaries are
growth process-dependent phenomena and have a large number
of charge-trapping centres. Thus, grain boundaries reduce the
mobility of charge carriers, and various scattering events take
place at grain boundaries such that the conductivity of the films
decreases. The number of grain boundaries decreases with an
increase in crystallite size. Thus, the increase in crystallinity and
decrease in dislocation density with substrate temperature might
be the possible reasons for an increase in the conductivity of
films. To understand the dependence of the electrical properties
of films on different parameters, it is essential to measure the
electrical properties of grain boundaries.

Conclusion

In this work, the effect of substrate temperature on various
properties of RF-sputtered ZnTe films was investigated system-
atically. The structural investigations using GXRD revealed that
the films are polycrystalline with cubic zincblende structure.
The crystallite size increases (from 37.60 to 68.88 A) with in-
creasing substrate temperature (300-600 °C). The crystallite
size was found to be maximum for the film produced at 600 °C.
Optical studies revealed that the average transmittance of ZnTe
films increases with substrate temperature. A blue shift in the
bandgap was observed with increasing substrate temperature.
Taking into account the possibility for indirect transitions, the
indirect bandgap for ZnTe films was calculated. Morphological
investigation revealed that the roughness increases and the par-
ticle density decreases with the increase in substrate tempera-
ture. The electrical conductivity was found to increase (from
1.42 x 1078 t0 6.06 x 107 @ !-cm™!) with the increase in sub-
strate temperature (300-600 °C). The observed large bandgap
(3.11 eV), high transmittance, large crystallite size (68.88 A)
and high conductivity of the ZnTe film produced at 600 °C indi-
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Figure 9: |-V characteristics of ZnTe films deposited at different substrate temperatures in the range of R.T.—600 °C.

Table 5: Variation in resistance, resistivity, and conductivity of ZnTe films deposited at various substrate temperatures.

Substrate temperature (°C) Resistance (Q) Resistivity (Q-cm) Conductivity (Q~"-cm™7)
R.T. 7.63 x 1010 7.20 x 108 1.39 x 107
300 1.13 x 1012 7.04 x 107 1.42 x 10-8
400 5.20 x 1011 2.93 x 107 3.41 x 108
500 2.35 x 1010 7.94 x 105 1.26 x 107
600 8.25 x 107 1.66 x 103 6.02 x 10~4
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cate a possible application of such films as a buffer layer in
solar cells.

Supporting Information

Supporting Information File 1

Additional data on optical measurements.
[https://www.beilstein-journals.org/bjnano/content/
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Abstract

Special features of zinc oxide nanoparticles have drawn a lot of interest due to their wide bandgap, high surface area, photocatalyt-
ic activity, antimicrobial activity, and semiconductor properties. By doping ZnO nanoparticles with transition metals, we can alter
their electrical, optical, and magnetic properties by introducing new electronic states into the band structure. Herein, Ag is added to
ZnO nanostructures to improve their optical properties to detect heavy metal lead ions. The prepared lead sensor with ultrahigh
sensitivity, based on silver-doped ZnO nanorods (Ag@ZnO NRs), was fabricated and characterized. The morphological, structural,
compositional, and optical characteristics of the Ag@ZnO NRs were investigated using a variety of methods after they were fabri-
cated using a low-temperature co-precipitation method. The resulting Ag@ZnO NRs had good optical properties, nanorod morphol-
ogies, and high crystallinity with no impurities. Technological advancements are leading people to use lightweight electronics and
affordable sensors. Electrochemical techniques comparatively offer quick, portable, sensitive, and inexpensive basic equipment for
heavy metal detection. The interactions between Ag@ZnO NRs and lead were studied using electrochemical methods. The pre-
pared lead sensor using Ag@ZnO NRs show a very low detection limit and a very high sensitivity toward lead. The lead chemical
sensor that was developed had a detection limit of 3 ppm with a sensitivity of 16 pA-ppm~'-cm™2. The recorded reaction time of

lead sensor was less than two seconds.

Introduction
According to the literature, a lot of work has been done to  the environment and technology [1]. Even at very low levels,
create durable and dependable smart sensors for the effective  heavy metals can permanently harm health, and their acute

identification of analytes that are harmful but also crucial for exposure leads to chronic disorders by affecting organ func-
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tions [2]. For example, lead poisoning in liquid effluents, is one
of the worst environmental hazards which can affect human
health and readily impact immune responses [3]. Due to the
detrimental effects on the environment and human health, deter-
mining the presence of trace heavy metals is crucial. Lead is a
highly toxic element that affects human soft tissues and organs,
acting in concert with other carcinogens to cause cancer in the
kidneys, lungs, or brain. Lead paint, lead-containing petrol,
mining, and smelting are some of the sources of lead exposure
[4]. Through contaminated food or drink or through mouth-to-
mouth contact, lead can enter the body. Standard techniques for
determining lead content involve the use of atomic absorption
spectroscopy (AAS) [5] and inductively coupled plasma—mass
spectrometry (ICP-MS) [6]. Although both techniques yield
reliable results in matrices as complicated as serum or blood,
they require costly, large-scale equipment as well as highly
skilled operators. Furthermore, these methods are not as desired
or even appropriate for point-of-care (POC) use because of the
considerable time delays caused by the shipment of samples to
centralized laboratories. Miniaturization is made possible by
electrochemical procedures for determining heavy metals,
which need a comparatively simple apparatus. Thus, it is imper-
ative to develop low-cost, miniaturized analytical instruments to
monitor hazardous chemical substances [7,8]. Target detection
in real time is a strong suit for electrochemical devices. Elec-
tron mediators are typically used to modify the working elec-
trodes in electrochemical sensor fabrication. These days, due to
their unique electrical and optical characteristics, nanomaterials
are employed as effective electron mediators [9].

Zinc oxide nanoparticles have gained a lot of attention due to
their unique features, such as wide bandgap (approximately
3.37 eV), excellent electron transportation, piezoelectric behav-
ior, semiconductor nature, low toxicity, and enhanced electro-
chemical response, and have a vast range of uses. Zinc oxide
shows excellent features, such as nanoscale particles, highly
crystalline nature, tunable shape, size and density, and a high
aspect ratio. In summary, ZnO nanoparticles offer a versatile
platform for technological advancements across fields such as
medicine, electronics, environmental remediation, and energy
[10,11]. The use of certain metal dopants to modify the chemi-
cal, optical, and electrical features of a material has gained con-
siderable interest in the realm of semiconductor technology. A
recent study has conducted thorough investigations into the
effects of transition metal ions, such as silver, copper, nickel,
and manganese on the chemical and physical properties of ZnO
nanoparticles. These metal dopants utilize their partially occu-
pied d-electron shells, leading to the presence of unpaired elec-
trons. Out of these metals, silver is particularly well-suited for
ZnO doping because of its notable characteristics, including

strong conductivity, solubility, favorable ionic size, and low
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orbital energy. These features contribute to the improvement of
optical and electrical characteristics of ZnO. The incorporation
of silver boosts the mobility of oxygen on the surface by means
of the formation of oxygen vacancies, leading to enhanced cata-
lytic activity. Also, the small doping of Ag introduces more
active sites on the catalyst surface, potentially improving the
overall catalytic activity [12,13]. This study demonstrates an
efficient and uncomplicated method for producing Ag@ZnO
NRs. These fabricated Ag@ZnO NRs play an effective role as
an electron mediator in the development of lead chemical
sensors which are both highly sensitive and robust in nature.
Based on our current understanding, the lead sensor we de-
veloped exhibits the most notable sensitivity among all.

Results and Discussion

X-ray diffraction of as-synthesized Ag@ZnO
nanorods

The Ag@ZnO NRs were analyzed for their crystal phases by
evaluating the X-ray diffraction pattern. Figure 1a displays the
diffraction pattern of the Ag@ZnO NRs that were formed. It
was observed that this pattern closely corresponds to the data
that has already been reported [14]. The distinct reflections indi-
cate the high degree of crystalline nature of the nanorods that
were created. Ag@ZnO NRs have a hexagonal wurtzite struc-
ture with space group 186: P63ymc. The lattice is primitive with
dimensions a = b = 0.32488 nm and ¢ = 0.52001 nm. The peaks
in this pattern are detected at specific angles, denoted as 20,
which are 31.79°, 34.48°, 36.27°, 47.55°, 56.62°, 62.92°,
66.43°, 67.95°, 69.07°, 72.58°, 77.02°, 81.54°, and 89.69°.
These angles correspond to the lattice planes (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), (202),
(104), and (203) respectively. The pattern of Ag-doped ZnO
nanoparticles exhibits three additional diffraction peaks at 20
values of 38.29°, 44.39°, and 64.58°. These peaks are associat-
ed with the metallic FCC phase of Ag. Ag doping at the substi-
tution sites of the ZnO crystal lattice results in a decrement in
the peak position values because Ag* ion (12.2 nm) has a larger
ionic size compared to that of the Zn%* ion (7.4 nm). Conse-
quently, the given data aligns with the decrease in the highest
location of the point, indicating a reduction in the c-axis lattice.
This implies that the Ag ion has filled the spaces between
the atoms in the ZnO structure. Also, Ag functions as an
amphiprotic dopant, meaning it can both donate and accept
protons. It tends to occupy interstitial sites and also substitute
for Zn [15,16]. Debye—Scherrer’s relation is used to calculate
the average crystallite size of the Ag@ZnO NRs:

Do 0.9 ’
BcosO
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where A = 1.54 A (wavelength of the Ka radiation of Cu),
B = full width at half maximum, and 6 = peak position. The av-
erage crystal size of Ag@ZnO NRs is found to be approxi-
mately 28 nm.

The dislocation density (d) of the crystalline material expressed
as 0= 1/D2 is 0.001275. The total broadening of the peak ()

caused by the crystalline size and strain in the lattice is given
by:

BT ZBD"'Baﬂ

where Bp is broadening of the peak due to crystal size and f is
broadening due to lattice strain. For analyzing stress and strain
resulting from X-ray diffraction, Williamson and Hall's ap-
proach is the simplest method. The peak broadening resulting
from the lattice strain can be obtained by the Stokes—Wilson
relation:

Be =¢etan0,
By = kA N 4gsin0
T " DcosO  cosO

By plotting Brcos0 as a function of 4sin0 as shown in Figure 1b,
we get the value of € = 0.00195, and the intercept = kA/D =
0.00193.

This plotted straight line using a W-H plot is a good fit as the
correlation coefficient value of R? is 0.96. Using the value of
the intercept, the calculated size of the nanoparticle is found to
be 71.8 nm. The value of the crystalline size obtained by the
Williamson—Hall method is 2.5 times than that obtained by the
Scherrer method. This difference is proportional to the strain
value [17].

Field-emission scanning electron microscopy
of Ag@ZnO nanorods

The general morphological characteristics of the as-obtained
nanorods were analyzed by electron microscopy. Figure 2a
depicts the typical field-emission scanning electron microscopy
(FESEM) image of the as-obtained nanomaterials. The pro-
duced nanomaterials had rod-shaped morphologies and were
grown at extremely high densities, as seen by the SEM image.
Figure 2b represents the average diameter of Ag@ZnO NRs
which was calculated using the Image J software. The average
diameter of Ag@ZnO NRs is approximately 70 nm. The
elemental composition of the fabricated nanorods was exam-
ined through energy-dispersive spectroscopy (EDS). Figure 2¢
depicts the typical EDS spectrum of the produced Ag@ZnO
NRs. Observations from the EDS spectrum lead to the conclu-
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Figure 1: (a) XRD of Ag@ZnO NRs and (b) M-H plot of Ag@ZnO
NRs.

sion that the nanorods are made of zinc and oxygen. The pro-
duced nanorods are pure Ag@ZnO NRs with no detectable
impurities, as evidenced by the absence of any other peak in the
spectrum associated with any impurity.

Fourier-transform infrared spectroscopy
analysis of Ag@ZnO nanorods

Figure 3 presents the typical Fourier-transform infrared spec-
troscopy (FTIR) spectrum of produced Ag@ZnO NRs. Differ-
ent groups and bonds were examined using the FTIR spectrum.
Ag doping changes the bond length of the sample, resulting in a
minor shift in peak location toward higher wavelengths.

The distinctive stretching mode of the Zn—O bond is responsi-
ble for a significant vibrational band in the FTIR spectra,
ranging from 450 to 550 cm™!. The presence of a hydroxy
residue, which is caused by ambient moisture, is indicated by a
large peak at 3433 cm™! (stretching) and at 1330 to 1720 cm™!
(bending). Peaks present at 2922 and 2854 cm™! relate to the

stretching vibration of carbon and hydrogen bonds. The peaks at
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Figure 3: FTIR of Ag@ZnO NRs.

1030 and 1380 cm™! are related to vibrational or in-plane
bending of residual ethanol which was used for washing the
nanoparticles and KBr pellet die set (used for pellet making for
FTIR) [18,19].

Optical study of Ag@ZnO nanorods

Figure 4a displays the optical spectra of Ag@ZnO NRs, which
was obtained in the 200-600 nm wavelength range. The absor-
bance peak in this spectrum, which is moved toward a higher
wavelength also known as redshift, is shown at 378 nm (for
pure ZnO it is 362 nm) [20]. The bandgap energy of Ag@ZnO
NRs has been calculated through the use of the Tauc's method,
as shown in Figure 4b, and it is determined to be 2.8 eV.

No further peak indicative of contaminants is observed in the

aforementioned spectra, indicating the high purity of the synthe-
sized nanorods. Incorporating Ag dopants into ZnO frequently
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causes a reduction in the bandgap, leading to a shift toward
longer wavelengths in the absorption spectra. The smaller
bandgaps of the samples in optoelectronic devices provide a

significant advantage [21].

Zeta potential of Ag@ZnO nanorods

Surface properties of the synthesized Ag@ZnO NRs were
studied using dynamic light scattering analysis, and their zeta
potential was determined. Figure 5 represents the zeta potential
of Ag@ZnO NRs. The samples were collected in the liquid
state and the Ag@ZnO NRs zeta potential of ~30 mV accounts
for the stability of the nanoparticles in water.

Raman spectroscopy of Ag@ZnO nanorods

The influence of Ag doping in ZnO nanorods were investigated
by Raman scattering. Raman scattering of Ag@ZnO NRs were
recorded using a 532 nm laser at room temperature in the spec-
tra range varying from 0 to 2000 cm™!. ZnO has four atoms in
each primitive cell, which results in 12 degrees of freedom
(three acoustic phonon modes and nine optical phonon modes).
Figure 6 demonstrates the Raman spectra of Ag@ZnO NRs;
when doping is done in ZnO, there is a significant change in the
optical and non-optical modes of ZnO. The collapse of the
translational crystal symmetry is a consequence of Ag doping,
which also results in peaks broadening. The wurtzite structure
of ZnO is characterized by dominant peaks at approximately 96
and 473 cm™!, the peak at 473 cm™! represents the Eoy; mode
corresponding to oxygen, and this mode is sensitive to internal
stress. Ag doping results in the broadening of the Epy mode and
also expands and relocates the E{(LO)/A{(LO) peak, present at
approximately 567 cm™!, to a lower energy level. The broad-
ening and shifting of the A[(LO) modes is the result of the scat-
tering effects generated by the A{(LO) branch extending

Zeta Potential Distribution
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Figure 5: Zeta potential of Ag@ZnO NRs.
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beyond the central region of the Brillouin zone. Oxygen vacan-
cies are commonly linked to the A{(LO) phonon mode. The
presence of a small peak at 218 cm™! denotes the radial move-
ment of Ag atoms. Raman peaks at around 356 cm™! are specif-
ically attributed to the A{(TO) mode. Also, the results of Ag
doping in ZnO coincide with XRD results of secondary phase
formations [22-24].

X-ray photoelectron spectroscopy study of
Ag@ZnO nanorods

The physical state and chemical compositions of Ag@ZnO NRs
were analyzed using X-ray photoelectron spectroscopy (XPS).
Figure 7a represents the scan results of the binding energy. The
peaks of the curve were attributed to the elements silver, zinc,
oxygen, and carbon, whereas no peaks corresponding to other
elements were observed. Figure 7b represents the coupled state
of the 3d orbital of silver. The peaks at 371.2 and 365.3 eV cor-
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Figure 7: XPS of Ag@ZnO NRs: (a) full scan spectrum, (b) scan of Ag 3d, (c) scan of oxygen 1s, and (d) scan of Zn 2p.
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respond to Ag 3ds;, and Ag 3ds),, respectively, and the 5.9 eV
difference between them indicate that Ag exists in the form of
Ag,0. This demonstrates the Ag integration into ZnO and the
absence of metallic Ag production. The Ag-doped ZnO sam-
ples display two distinct peaks at 1042.4 and 1019.2 eV in their
Zn 2p spectra (Figure 7d). The peak at 1042.4 eV corresponds
to the Zn 2py; and the 1019.2 eV peak corresponds to Zn 2ps3)».
The peak location was marginally changed toward lower
binding energy values with the addition of Ag. The peak shift
observed was a consequence of the increase in electron density
in the host matrix which is caused by the doping of Ag. The
23 eV gap between two binding energies suggests that the Zn
element is in a +2 oxidation state. The 1s orbital spectra of
oxygen in Ag—ZnO samples are shown in Figure 7c, revealing a
peak with a binding energy of 528 eV. The oxygen peak can be
resolved into two distinct peaks, which indicates two different
types of oxygen species (one at 528 eV due to lattice oxygen of
ZnO and another at 530 eV due to presence of surface hydroxy
group) [25,26].

Cyclic voltammetry of modified Ag@ZnO
nanorods/gold electrode

Figure 8 presents the results of an impedance analysis using a
frequency-response analyzer (FRA) potentiostat on both fabri-
cated Ag-ZnO/Au electrodes and bare gold electrodes. The
modified Ag@ZnO NRs electrode exhibits higher impedance
than that of the bare gold electrode. This higher impedance
leads to better sensitivity, better electron exchange, and can
provide more information about the electrochemical process.
The higher impedance of the modified Ag@ZnO NRs electrode
improved signal-to-noise ratio, which means that the electrode
can better distinguish the electrochemical signal of the analyte
from background noise, resulting in more accurate results.
Furthermore, a higher impedance of the electrode can provide
additional details about the electrochemical process. It can help
to understand the kinetics of electron transfer reactions, analyte
diffusion, and electrode surface contact mechanisms. A modi-
fied Ag@ZnO NRs electrode with greater impedance is more
stable and durable. This provides consistent performance
throughout time, which is critical for obtaining accurate and
repeatable electrochemical results.

The lead chemical sensor was fabricated by utilizing the
Ag—7ZnO0 nanorods, which functioned as efficient electron medi-
ators. An aqueous solution which includes freshly produced
Ag—7nO nanorods was generated and coated onto a gold elec-
trode. The modified electrode was then dried to form a chemi-
cal sensor specifically designed for the detection of lead. The
performance of the sensor, including sensitivity, correlation
coefficient, and detection limit, was evaluated using cyclic vol-

tammetry. This evaluation involved the usage of a three-elec-
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Figure 8: Electrochemical impedance spectroscopy (EIS) Nyquist plots
of modified Ag@ZnO NRs/Au and bare Au electrode.

trode system and a gold electrode modified with Ag-ZnO
nanorods. The modified electrode was used as a working elec-
trode in the three-electrode system, while the reference elec-
trode was made of Ag/AgCl (sat. KCl), and the Pt electrode
was used as a counter electrode [27]. In order to investigate
Ag@ZnO NRs response to lead, a standard cyclic voltammetry
(CV) experiment was conducted both with and without lead. A
typical CV sweep curve for a gold electrode modified with
Ag@ZnO NRs in double-distilled water with (black line) and
without (red line) lead at a 40 mV/s scan rate is shown in
Figure 9.

Bare Electrode

Current (nA)

-10 4

Modified Electrode

T
-2.0 -1.5 -1.0 -0.5 0.0
Potential (V)

Figure 9: Cyclic voltammetry sweep curves for a modified electrode
(black curve) or a bare electrode (red curve) in lead solution.
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The obtained CV graph demonstrates that the gold electrode

modified with Ag@ZnO NRs exhibits no response in the
absence of lead (black line). However, when lead is introduced (a) ]
in moderate quantities, a significant reduction peak is distinctly
observed in the I-V graph (red line). A reduction peak appeared 7
approximately at —=1.5 V with an I, of =14.5 pA. The obtained g_
I-V graph clearly shows that the fabricated electrode is highly 5_14_ 20 mVs”
responsive to lead, which supports the idea that the synthesized g
Ag@ZnO NRs are useful electron mediators for the creation of 5 214 | Scan Rate
lead chemical sensors. The significant rise in peak height is in- 100 mVs*
dicative of a faster electron-transfer event because it causes a -28
sharper, more defined peak. Furthermore, the absence of a
cathodic current in the reverse cycle indicates the irreversibility -35 T T T r r
of the electrochemical response that was observed [28]. The 25 20 15 -1.0 -05 0.0
suggested redox reaction that occurs during the electrochemical Potential (V)
sensing experiment is depicted in Figure 10. (b)
30

Magnitude of Ipc (nA)

Scan rate study of the modified sensor - .
Furthermore, by carrying out several scan-rate dependent
studies, the electrochemical response of the modified 24 -
electrode was thoroughly investigated. The studies on scan-rate y
dependence were conducted at different scan rates between 211
40-100 mV/s in a solution containing 20 ppm of lead. 'S 18
Figure 11a displays the CV results of the Ag@ZnO NRs/
Nafion/gold electrode, using scan rates varying from 40 to 151
u

100 mV/s. The observed CV response, which varies with the

scan rate, indicates that the current values proportionally 124 i i i i
increase with higher scan rates, indicating that the reduction 6 7 8 9 10
process is controlled by diffusion. Figure 11b displays a graph Root of scan rate

illustrating the relationship between I, (cathodic current) and

v!/2 (square root of the scan rate). Clearly, the cathodic peak Figure 11: (a) The /-V response of the modified electrode at varying
current demonstrates a linear connection with v1/2’ demon- scan rates and (b) peak current magnitude as a function of the square

. . . . . root of the scan rate of the modified electrode.
strating diffusion-controlled kinetics [29].
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Figure 10: Schematic diagram of the proposed electrochemical detection of lead using a potentiostat and a galvanostat. Figure 10 was partly created
in BioRender. Ravinder, R. (2025) https:/BioRender.com/g83x775. Afterwards it was adapted with PowerPoint. This content is not subject to CC BY
4.0.
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Concentration effect on the peak current or

calibration curve

Figure 12a illustrates a steady increase in peak current as lead
concentration increases. A standard calibration curve was ob-
tained by graphing the magnitude of peak current data as a
function of concentration (Figure 12b). The prepared lead

sensor demonstrates a high sensitivity of 16 uA-ppm™!-cm™2

,as
determined by dividing the slope of the standard curve with the
surface area of the modified electrode. The limit of detection
was found to be 3 ppm by estimating it using the standard curve
(current as a function of the concentration) illustrated in
Figure 12b. The calculation was carried out by dividing the
standard deviation by the slope of the standard curve and multi-

plying by three [30].

(a) °

54

-10 4

6 ppm
.15 pp

Current (nA)

l Concentration

220 -
18 ppm

T
-1.0 -0.5 0.0
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(b) *
2.
20-
154

16

Magnitude of peak current (nA)

concentration (ppm)

Figure 12: (a) /-V response of the modified electrode at varying con-
centrations of lead; and (b) peak current magnitude as a function of
lead concentration.

Analytical application of the proposed sensor
To check the suitability of the proposed lead sensor, different

real samples were tested. Real samples were collected from
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various sources (e.g., tap water, groundwater, canal water, and
water contaminated with a known amount of lead). In order to
assess the presence of lead, real samples were analyzed by
measuring the cyclic voltammetry response of the sensor. As
shown in Figure 13, clearly visible signals have been obtained
for artificially contaminated samples using the built electrode
and the standard approach.

Table 1 presents the samples, the lead spiking amount, and the
calculated amount of lead using the aforementioned technique.
As the detected amount of lead in real samples are slightly
higher than the spiking amount of lead, this is probable due to
lead toxicity of real samples or greater conductivity of real sam-
ples due to the presence of more ions, which can influence the

calculation of lead concentration.

Table 1 illustrates that the designed sensor and the proposed
technique yielded reasonable outcomes. The obtained results are
compatible with theoretical calculations, demonstrating the
feasibility of the proposed standardized technique. Table 2
presents the comparison of this work with other similar works.
The fabricated sensor showed a slightly higher limit of detec-
tion (LOD) value, which is due to the use of PBS and the higher
impedance of the electrode. An acidic pH provides better sensi-
tivity, but it also brings health and safety issues, environmental
impact, can cause electrode corrosion, enhances interference,
and is incompatible with real-life or biological samples. There-
fore, PBS with pH 7 has been used for electrochemical studies
since it provides a stable pH, which is crucial for maintaining
consistent electrochemical conditions during experiments.

Conclusion

In conclusion, a low-temperature co-precipitation technique was
utilized to yield highly crystalline nanorods of ZnO doped with
Ag. A variety of techniques were employed to analyze the phys-
ical and chemical characteristics of as-synthesized Ag@ZnO
NRs. The results demonstrate that the synthesized nanorods
possess a crystalline structure, specifically a wurtzite hexago-
nal phase structure (space group: 186: P63mc) and exhibit ad-
vantageous optical properties. The integration of Ag into ZnO
nanostructures enhances their optical characteristics and im-
proves their ability to detect heavy metal ions such as lead. The
reason for this is that the addition of silver decreases the holes
and electron recombination rate, resulting in an expansion of the
surface area. Subsequently, they were effectively employed as
an electron mediator in the fabrication of highly sensitive lead
sensors. The fact that prolonged exposure to lead ions can result
in a range of health problems, it is crucial to identify the pres-
ence of lead for the sake of public health and environmental
preservation. The lead chemical sensor exhibited exceptional

sensitivity and a remarkably low detection limit. The synthe-
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Figure 13: |-V response of the modified electrode at a varying concentration of lead in (a) canal water, (b) groundwater, (c) water obtained after
reverse osmosis (RO) and (d), supply drinking water.

Table 1: Quantitative analysis of lead concentrations in real samples artificially contaminated with lead.

Sr.No. Sample Amount of lead measured by the modified Ag—ZnO electrode Spiking amount of lead
(ppm) (ppm)

1 spiked canal water 3.0398 3

2 spiked ground water 8.3784 8

3 spiked RO water 4.1752 4

4 spiked supply drinking water 19.5219 19

Table 2: Comparison between the fabricated sensor and similar electrochemical sensors.

S.No. Electrode LOD Linear range Method of detection Refs.
1 Ag—ZnO modified glassy carbon electrode 3.5 nM (in acetate buffer) 50-350 nM  DPASV [18]
2 Cork-modified carbon paste electrode 0.3 uM (in 0.1 M H2SOy4) 1-25 uM SWASV [31]
4.8 uM (in 0.1 M PBS)
3 Calcinated and acidified clay-modified 0.15uM (in 0.1 M NaxSO4) 0.24-2.6 uM SWV [32]
carbon graphite electrode
CG electrode 0.4 pM (in 0.5 M NaNO3) 5-50 pM ASV [33]
5 MWCNT+ B18C6 ion-selective electrode  19.9 pM (NaTFPB as a 0.1-10 mM  potentiometry [34]
cation exchanger)
6 Ag@ZnO NRs modified gold electrode 8 UM (3 ppm) (in 0.1 M PBS) 16-48 uM Ccv present
work
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sized lead sensor had a high sensitivity of 16 pA-ppm™'-cm™2,

along with a detection limit of 3 ppm. Additionally, it demon-
strated a response time of less than 2 s. This sensor is most suit-
able for applications that necessitate cost-effectiveness, rapid
readings, and data collection in the field or at the point of care.
To our knowledge, this study presents the initial demonstration
of a novel method for fabricating an exceptionally responsive
lead chemical sensor utilizing Ag@ZnO NRs.

Experimental Details

Synthesis of Ag@ZnO nanorods

For the synthesis of Ag@ZnO NRs, chemicals were purchased
from Sigma-Aldrich and used as such without any additional
purification steps. Firstly, a 2 mL aqueous solution of silver
nitrate (AgNO3) (0.1 M) and a 100 mL aqueous solution of zinc
nitrate hexahydrate (Zn (NOj3),-6H,0) (0.1 M) were simulta-
neously prepared. After that, the silver nitrate solution was
mixed with the zinc nitrate hexahydrate solution. The resulting
solution was stirred for approximately 10 min at room tempera-
ture. After the reaction time, a 1 M potassium hydroxide (KOH)
solution was gradually added drop by drop. This step adjusted
the pH of the mixture to 10. Then the mixture underwent further
stirring for 2 h at room temperature. Once the stirring was com-
plete, the deposited precipitate was formed. These precipitates
were subjected to centrifugation and the pellet was collected;
further washing was done multiple times using distilled water
and ethanol. The obtained nanoparticles were oven-dried at
70 °C for 2 h. Finally, the nanoparticles were annealed by
subjecting them to a temperature of 450 °C in a muffle furnace
for 1 h.

Evaluation of Ag@ZnO nanorods

The Ag@ZnO NRs obtained above were assessed for their mor-
phological, structural, and optical characteristics. The FE-SEM
experiments and examination of morphological characteristics
were performed on a 7610F Plus/JEOL. A benchtop Miniflex
X-ray diffractometer, (Japan model) manufactured by Rigaku,
was utilized to analyze the structural and crystal phases. The
study was conducted using a wavelength of 1.54 A and a 20
angle ranging from 20° to 90°. The elemental compositions
were analyzed using EDS and XPS (Model PHI 5000
Versaprobe III). The chemical states were assessed using FTIR
spectroscopy with a Perkin Elmer spectrometer model. The
spectrum data was acquired between the frequency range of 450
to 4000 cm™! (resolution of 0.5 cm™). The optical characteris-
tics of the obtained Ag-doped ZnO nanorods were determined
using UV-visible spectroscopy (Varian Cary-5000) at room
temperature. The measurements were taken in the wavelength
range of 200 to 600 nm. Raman spectroscopy (Alpha300/WI
Tec) was used to investigate the molecular vibrations, rota-

tional energy, electronic energy levels, and scattering character-

Beilstein J. Nanotechnol. 2025, 16, 422—434.

istics of Ag—ZnO nanorods. The Malvern Nano-ZS90 was

utilized to determine the zeta potential of synthesized nanorods.

Fabrication of the lead sensor / (Ag@ZnO

nanorods/gold electrode)

The obtained Ag@ZnO NRs served as an electron mediator for
creating a lead electrochemical sensor with high sensitivity. In
order to coat the Ag@ZnO NRs, a mixture of 1 mg of as-pro-
duced nanorods was mixed in 10 mL of ethanol and sonicated
for 30 min. This 4 pL mixture was then applied to the cylin-
drical gold electrode of 2 mm diameter and allowed to dry at
room temperature. Then, 1 uL Nafion solution was applied re-
sulting in a uniform layer of tightly bound nanorods covering
the entire electrode surface. Subsequent electrochemical sensing
experiments were conducted at room temperature using an
Autolab electrochemical workstation with a three-electrode con-
figuration. The working electrode consisted of the modified
Ag@ZnO NRs/Au electrode, a platinum wire used as the
counter electrode, and the reference electrode was an Ag/AgCl
electrode. A 0.1 M phosphate buffer solution with a pH of 7.0
was used for all measurements.
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Abstract

Molybdenum (Mo) thin films have extensive applications in energy storage devices and photovoltaic solar cells because of their
remarkable thermal stability, high melting point, and chemical inertness. In the present study, Mo thin films of different thick-
nesses (150, 200, 250, and 300 nm) have been deposited on Si(100) substrates via radio frequency sputtering in an argon atmo-
sphere at room temperature. Some of these films have been implanted with 1 x 1017 Ny*-cm™2 at 30 keV using a current density of
4 pA-cm™2. Surface morphology and structural, optical, and electrical properties of the as-deposited and implanted Mo thin films
have been systematically investigated. The crystallinity of Mo thin films is enhanced with increasing thickness of the as-deposited
films. This pattern persists with film thickness even after No* implantation. After implantation, crystallinity decreases relative to
as-deposited films with the same nominal thickness. The AFM analysis reveals that RMS roughness increases with the thickness of
Mo films. Optical studies using spectroscopic ellipsometry reveal a significant increase in absorbance and reflectance in
as-deposited and N, -implanted films. Electrical investigations show that the conductivity increases with film thickness in both
as-deposited and implanted films. The conductivity decreases for the same nominal film thickness after implantation.

Introduction

Molybdenum thin films have garnered significant attention in  operating conditions of solar cells [1,2]. This stability is essen-
diverse technological applications owing to their outstanding tial for long-term reliability and performance. The low
characteristics. The high melting point and stability of molyb-  resistivity of Mo thin films makes them desirable for inte-

denum ensure that it remains structurally intact under the harsh  grated circuits, where they contribute to the efficient flow of
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electrical current [3]. Furthermore, their optical properties make
them well suited for a use as a protective coating in energy
storage and electronic devices [4,5]. Mo films deposited on sub-
strates under suitable conditions lead to improvements in func-
tionality and address the needs of various cutting-edge indus-
tries [6,7].

For the deposition of Mo thin films, various techniques such as
chemical vapor deposition, physical vapor deposition (RF sput-
tering and DC sputtering) [1,8,9], and electron beam evapora-
tion [10] have been reported in the literature. RF sputtering is
the predominant technique for thin film deposition because of
its benefits regarding layer adhesion, uniformity, composition,
and deposition rate compared to other methods [11]. In the
deposition of molybdenum films, RF sputtering allows for
precise control of film thickness, shape, and stoichiometry,
making it a key method for preparing films with specific char-
acteristics [12].

Numerous approaches exist to improve the performance of thin
films, including ion implantation techniques that enable precise
alteration of material characteristics. Ion implantation is one of
the most attractive techniques because it introduces consider-
able changes in the surface morphology and composition of the
films [13,14]. The uses of implanted Mo thin films cover a
broad range of applications including microelectronics and
optoelectronics. One major use area is in microelectromechan-
ical systems, where these films are used in parts such as micro-
sensors, actuators, and microfluidic devices [15].

In this regard, the effects of different ion beams on the charac-
teristics of Mo thin films have been explored [13-21]. Ahmed et
al. [13] investigated the effect of helium ion irradiation on the
structural and electrical properties of Mo thin films. They noted
that a-particles create defects that reduce charge carrier
mobility, and the hardness increased from low to high ion
fluence. Hoffman et al. [14] investigated the effects of argon ion
bombardment on the characteristics of Mo thin films. Films
with reduced porosity and larger grains demonstrated increased
reflectance and decreased resistivity, consistent with electron
mean free path analysis results. Navin et al. [15] investigated
self-organized pattern generation in Mo thin films with a low-
energy argon ion beam (1 keV) across different ion fluences
(1016-10!8 jons-cm™2). Thornton et al. [16] examined a transi-
tion from tensile to compressive stress in argon-ion-implanted
Mo thin films as the sputtering gas pressure decreased. Sun et
al. [17] also analyzed the properties of argon-ion-implanted Mo
thin films deposited via ion beam sputtering, varying deposi-
tion parameters such as accelerating voltage, incidence angle,
and chamber pressure. Films deposited at near-normal inci-

dence exhibited compressive stress and a nearly linear increase
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with the accelerating voltage. At grazing incidence, the ob-
served stress is either minimal or slightly tensile and is mostly
unaffected by the accelerating voltage. Tripathi et al. [18] exam-
ined the temperature-dependent surface alterations in Mo films
induced by He" ion irradiation within the 773-1073 K range as
a prospective substitute for tungsten in plasma-facing compo-
nents of fusion devices. Klaver et al. [19] investigated the
impact of irradiation with low-energy helium ions on the physi-
cal properties of molybdenum thin films. Ono et al. [20] studied
the degradation of the optical characteristics of single- and
polycrystalline Mo mirrors for plasma diagnostics when treated
with low-energy He* ion irradiation at ambient temperature and
400 °C. Takamura et al. [21] examined the effects of He plasma
irradiation on Mo thin films. The temperature range for nano-
structure growth was within a temperature range of 800 to
1050 K, under incident helium ion energies of 50 to 100 eV.
Nitrogen gas offers a fascinating opportunity for ion implanta-
tion in Mo thin films because of its high reactivity [22]. The in-
corporation of nitrogen ions alters the characteristics of Mo thin
films, potentially improving their performance in a wide range
of applications [23-28]. Kim et al. [23] examined the impact of
a3 x 1017 Ny*-cm™2 ion fluence on the structural characteris-
tics, surface morphology, and thermal stability of Mo thin films.
The internal stress of these films transitioned from strongly
compressive to weakly tensile after annealing. Lee et al. [24]
efficiently incorporated nitrogen ions into epitaxial Mo films,
forming a buried superconducting layer. They deposited atomi-
cally flat epitaxial Mo(110) films on Al,O3(0001) substrates.
Carreri et al. [25] investigated high-temperature (800-1200 °C)
plasma-based nitrogen ion implantation on molybdenum thin
films. They also examined the phase development and tribolog-
ical alterations caused by ion implantation. Furthermore,
Nakano et al. [26] investigated the deterioration of optical char-
acteristics in polycrystalline Mo mirrors exposed to irradiation
with helium or deuterium ions. With increasing fluence and
energy of the ions, a greater extent of deterioration was ob-
served in helium-irradiated specimens than in deuterium-irradi-
ated specimens. Mindl et al. [27,28] examined the impact of
nitrogen ion implantation on Mo, focusing on nitride phase for-
mation and nitrogen diffusion behavior within a temperature
range of 330 to 580 °C. They observed the formation of a new
cubic Mo, N phase. In addition, they also examined the impact
of high ion fluence and temperature on nitrogen implantation in
molybdenum with supplementary heating within the tempera-
ture range of 500 to 750 °C.

It is well documented that ion beam implantation, including
helium, nitrogen, and argon ions, is a versatile technique for
tuning the properties of molybdenum thin films. Researchers
examined the effects of ion fluence, implantation temperature,

and ion energy on the characteristics of Mo thin films. Despite
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these advances, a noticeable gap exists in the systematic explo-
ration of nitrogen implantation with variations in the thickness
of Mo films. To address this gap, this study employs an exten-
sive approach, implementing low-energy nitrogen ion implanta-
tion with a systematic variation in film thickness and investigat-
ing the effects of these factors on the characteristics of molyb-
denum thin films. This study promotes the development of next-
generation Mo thin films with precisely tuned characteristics.
The findings of this research contribute to the optimization and
development of Mo thin films for various applications in photo-
voltaics, sensors, optoelectronics, and electronic devices.

In the present work, Mo thin films with varying thickness of
150, 200, 250, and 300 nm were deposited on Si(100) sub-
strates using radio frequency (RF) sputtering in an argon envi-
ronment at ambient temperature. Some films with different
thicknesses were implanted with 1 x 1017 Np*-cm™2 at 30 keV
using a current density of 4 pA-cm™2. This study illustrates the
effects of nitrogen ion implantation and film thickness on the
structural, optical, and electrical properties of thin molybdenum

films.

Experimental

In this study, molybdenum thin films of varying thickness were
deposited at room temperature on Si(100) substrates via RF
sputtering using a pure 2" diameter Mo target (99.99% purity)
in Ar gas atmosphere with a flow rate of 10 sccm. The plasma
was obtained by setting the RF power to 100 W, while careful
minimizing the reflected power. Before deposition, the target
surface was pre-sputtered for 15 min to remove any surface
contamination. The silicon substrates were meticulously
cleaned by washing them with distilled water and isopropyl
alcohol and rinsing them with acetone. The vacuum chamber
was evacuated to a base pressure of 2.0 x 1073 mbar, with
a working pressure during deposition of approximately
1.2x1072 mbar; deposition times varied from 7 to 12 min, re-
sulting in films with thicknesses from 150 to 300 nm, as
measured by spectroscopic ellipsometry. After deposition,
some films with different thicknesses were implanted with
1 x 1017 Np*-cm™2 at 30 keV using a current density of
4 pA-cm_z.

The structural properties of the deposited Mo thin films were in-
vestigated using a GXRD Bruker AXS GmbH D8 Advance
X-ray diffractometer in grazing incidence geometry, employing
Cu Ka radiation with a wavelength of 1.5405 A. Measurements
were conducted with a fixed incident angle of 0.5°, and the
X-ray tube was operated at 40 kV and 40 mA. The surface mor-
phology was analyzed using a Bruker Multimode-8 atomic
force microscopy (AFM). The optical characteristics of the

molybdenum thin films were analyzed using a SENresearch 4.0
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spectroscopic ellipsometer across a wide spectral range of
200-800 nm. The electrical properties of the films were evalu-
ated using a Keithley 4200 A-SCS parametric analyzer
equipped with two probes. All these analytical instruments are
available at the Ion Beam Centre, Kurukshetra University,
Kurukshetra, ensuring comprehensive and accurate characteri-
zation of the properties of Mo thin films.

Results and Discussion
SRIM-TRIM simulation

The “Stopping & Range of Ions in Matter and Transport of Ions
in Matter” (SRIM-TRIM) simulation software was used to
quantitatively estimate implantation-induced damages. These
calculations provide detailed insights into the distribution of
incident ions and the ion damage cascades within the molyb-
denum target material. The range of the nitrogen ions is
184 + 98 A, which is significantly less than the thickness of the
thin films, as shown in Figure 1A,B.

The values for electronic energy losses and nuclear energy
losses have been determined to be 25.6 and 18.2 eV'A_l, re-
spectively. Both energy loss processes have values within a
similar range, which suggests that contributions from both pro-
cesses are approximately equivalent in their effect on the target
material. This balance highlights the importance of electronic
and nuclear interactions in the energy transfer processes during
ion implantation. Furthermore, of the total energy of 15 keV
from a single nitrogen ion, 8.5 keV produce ionization, while
6.2 keV generate phonons, and 0.29 keV create damage within
the target material, as demonstrated in Figure 1C.

These findings highlight the significant interactions between the
nitrogen ions and the molybdenum target material during the
implantation process, providing valuable insights into the mech-
anisms that govern ion implantation and the subsequent altera-
tions in the material properties. As indicated by the TRIM simu-
lations, a single nitrogen ion with this energy can produce 95
displacements, that is, 95 vacancies and no replacement colli-
sions, before coming to a stop, as illustrated in Figure 1D. This
significant level of displacement underscores the ions’ capacity
to induce damage within the target material.

Structural characteristics

Figure 2 depicts the GXRD patterns of as-deposited
and implanted Mo thin films (at an ion fluence of
1 x 107 Np*.cm™2) with different thicknesses of 150, 200, 250,
and 300 nm. The patterns indicate the face-centered cubic Mo
phase, as per JCPDS no. 01-088-2331 [29].

In Figure 2A, there is a notable reduction in peak intensity of

the Mo film after N»* implantation relative to the as-deposited
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Figure 1: (A) Nitrogen ion trajectories, (B) distribution of ions, (C) distribution of losses due to ionization, and (D) vacancy distribution in a Mo thin film.

Mo film. This reveals a significant alteration in structure due to
the implantation process. Similarly, in Figure 2B-D, the peak
intensity of implanted Mo films decreases in comparison to the
as-deposited Mo films of the same nominal thickness. This
reduced intensity of diffraction peaks is attributed to amorphiza-
tion and degradation of the structure by N,* implantation. How-
ever, the peak intensity of the as-deposited Mo films increased
with increasing thickness. This trend of intensity with thickness
remains in the nitrogen-implanted films. At lower thicknesses
(150 and 200 nm), crystallinity is significantly reduced because
of the extensive penetration of nitrogen ions, resulting in con-
siderable distortion of the material structure. In contrast, films
of 250 and 300 nm maintain a degree of crystallinity derived
from the unexposed bulk layer under the ion-implanted layer
[30].

The full width at half maximum (FWHM) of diffraction peaks

was evaluated from the prominent peak at 20 = 37.80° associat-

ed with the (111) crystallographic plane. Further, the average
crystallite size was calculated using the Scherrer equation [31-
33]:

kA
BcosH,

)

where k is a constant (k = 0.94) [32,33], A is the X-ray wave-
length (A = 1.5406 A), 0 is the Bragg angle, and B is the
FWHM.

Additionally, the microstrain (¢) developed in the thin films due
to lattice distortions or mismatch was calculated using Wilson’s
equation [31,33]:

p

g=——. 2
4tan 6 @

498



400
] —— @) N," Implanted 150 nm
350'_ A .. (a) As-deposited 150 nm
300
SE0] n)
.g 200- gé‘...(a)
9 1 200
£ 150 ( . )
100 H
N % -~
Ll 1 ) L
30 40 50 60 70 80
20 (deg.)
400
) — (¢ N, Implanted 250 nm
350'. -------- (c) As-deposited 250 nm
300
= 250
:,? |
2 2004
8
£ 150+
50. A (311)
0 "
) v ) ) )
30 40 50 60 70 80
20 (deg.)

Beilstein J. Nanotechnol. 2025, 16, 495-509.

400
) —— (b N," Implanted 200 nm
3504 (B) ,
| A e (b) As-deposited 200 nm
3004 (111)
= 250- ;
2 (b)
7]
c
3
£
(220) (311)
Ll | v ) Ll
30 40 50 60 70 80
20 (deg.)
400
1(D) —— (d')N," Implanted 300 nm
350 4 (111) .
] P Wi (d) As-deposited 300 nm
300 ra-{d)
= 250-
2 (200)
200 - i
c
2
E 150-
L) L] L] L]

20 (deg.)

Figure 2: GXRD patterns of as-deposited and Nxo*-implanted Mo thin films. (A) 150 nm, (B) 200 nm, (C) 250 nm, and (D) 300 nm.

The dislocation density (8) gives more information about the
number of defects in the films; it was calculated from the rela-
tion [32]:

, 3)

where D is the average crystallite size.

The interplanar spacing (d) and lattice constant (a) were calcu-
lated using the relations [13,33]:

A
Zsinearl @
a=dJyh? +k* +1?, (5)

where h,k, and [ are the Miller indices of the corresponding
diffraction peak [34]. The obtained values for average crystal-
lite size, microstrain, dislocation density, and interplanar
spacing for as-deposited and N, -implanted Mo films are sum-
marized in Table 1.

Table 1 shows that the FWHM decreases with increase in film
thickness. This reveals an enhancement in crystallite size and
uniformity, signifying improved crystallinity in the films. How-
ever, after N,* implantation, the FWHM increases significantly.
The crystallite size of the as-deposited and N,"-implanted Mo
films increases from 13.22 to 15.24 nm and from 11.92 to
14.42 nm with an increase in thickness from 150 to 300 nm, re-
spectively. This variation may relate to several factors involv-
ing film growth and substrate interactions. Thicker films (i.e.,
250 and 300 nm) exhibit less surface diffusion effects during

deposition, promoting better crystal formation and atomic plane
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Table 1: Structural parameters of as-deposited and implanted Mo thin films.

Serial  Sample 26 (°) of the FWHM Crystallite size ~ Microstrain  Dislocation density  Interatomic
number (111) peak D (nm) g(x 1073  d(x10"®nm3) spacing d(111) (A)
1 as-deposited 150 nm  37.75 0.603 13.202+1.051 7.542 5.951 2.381

2 Nao*-implanted 150 nm  37.40 0.706  11.921 +0.953  9.041 7.032 2.389

3 as-deposited 200 nm  37.73 0.584 14424 +1.131 7.431 4.801 2.382

4 Nao*-implanted 200 nm  37.57 0.685 12.882+1.320 8.745 6.631 2.388

5 as-deposited 250 nm  37.71 0.570 14.981 +1.101 7.252 4.472 2.384

6 Nao*-implanted 250 nm  37.60 0.654 13.871+0.789 8.344 5.191 2.387

7 as-deposited 300 nm  37.67 0.552 15.242+1.033 7.041 4.306 2.385

8 Nao*-implanted 300 nm  37.62 0.627 14.424+0.848 7.981 4.802 2.386
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organization. The increased film thickness may also enable
more volume for the formation of ordered crystalline domains
[35,36].

After N,* implantation, the crystallite size decreased signifi-
cantly relative to as-deposited Mo films of the same nominal
thickness, as illustrated in Table 1. Nitrogen ions during
implantation induced many lattice defects, including point
defects, dislocations, and distortions, in the Mo crystal lattice,
resulting in microstructural disorder and amorphization. The si-
multaneous impact of strain and defects leads to peak broad-
ening and increase of the FWHM. The disruption of the crystal
lattice and an increasing number of defects substantially influ-
enced the grain boundaries, resulting in a notable alteration of
the structural parameters of Mo thin films. Additionally,
Table 1 shows that microstrain and dislocation density in-
creased after implantation. The interplanar spacing of Mo thin
films increased with film thickness [13,34].

Figure 3 shows the GXRD pattern for (111) diffraction peaks of
as-deposited and implanted Mo thin films. The (111) peak posi-
tion shifts slightly to smaller Bragg angles after N, implanta-
tion. This shift becomes less pronounced as the thickness in-
creases, indicating an increase in the average interplanar
spacing according to Bragg’s law [29,35]. The change in inter-
planar spacing is attributed to the strain associated with residual
stress in the Mo film. The stress induced in the films is calcu-
lated using the formula [13,33,37]

_E (doy—d)

6
2Vfd0 ( )

where Ey is the Young’s modulus, v¢ represents the Poisson's
ratio, dg corresponds to the bulk interplanar spacing, and d is
the calculated interplanar spacing. The material parameters for
Mo are E¢ = 320 GPa, vy = 0.3 [13,33,37], and d = 2.3867 A

[37] (JCPDS Card No. 01-088-2331). The obtained values of
stress are plotted in Figure 4.

400
As-deposited Mo films @ N, implanted Mo films
(a) 150 nm e (@150 nm
3204 (b) 200 nm (c) o 200m
(c) 250 nm "
1—(d) 300 nm (b) - ::)) igg ::11
= 240
>
=
7]
c
2 160
£
80 -
0
L] T T T T
206 (deg.)

Figure 3: GXRD pattern of the (111) diffraction peak of as-deposited
and Na*-implanted Mo thin films (a, a’) 150 nm, (b, b’) 200 nm,
(c, ¢') 250 nm, and (d, d’) 300 nm.

The as-deposited molybdenum thin films exhibited tensile
stress, with the degree of this stress decreasing with an increase
in film thickness. After nitrogen ion implantation, the stress
in the films changed from tensile to compressive, as illustrated
in Figure 4. The X-ray diffraction (XRD) peak position
shift provides further insight into these stress changes. In
as-deposited films, the peaks are shifting to lower 20 values,
signifying an increase in interatomic separation, which aligns
with the measured tensile stress. In the nitrogen-implanted
films, all peaks are shifted to reduced 26 values compared to the
as-deposited films, indicating compressive stress. Nevertheless,
the peak positions for the implanted films shifted towards in-
creasing 20 values as the film thickness increased from 150 to
300 nm, signifying a reduction in interplanar spacing. The de-
crease in interplanar spacing is a direct consequence of the

compressive force induced by nitrogen implantation.
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Figure 4: Stress in (A) as-deposited and (B) No*-implanted Mo thin
films as a function of the thickness.

During the deposition process, Mo thin films exhibit different
types of stress due to changes in microstructure and the inter-
play of intrinsic and extrinsic stress mechanisms. Figure 4
shows that the tensile stress in as-deposited Mo thin films
decreases from 1.25 to 0.31 GPa as the film thickness increases
from 150 to 300 nm, attributed to the relaxation of intrinsic
stress induced during deposition. At lower thickness, the films
exhibit higher tensile stress due to grain boundary contacts and
point defects generated during the first phase of film growth.
The increased thickness of films led to larger crystallites and
improved crystallinity, which reduced tensile stress by decreas-
ing atomic-scale defects and strain [13,29]. The compressive
stress increases from —0.69 to —0.11 GPa as the thickness of
nitrogen-implanted Mo thin films increases from 150 to
300 nm. Nitrogen ion implantation plays an important role in
altering the stress state from tensile to compressive. This
process can be explained by the introduction of nitrogen ions
into the film structure. This generates compressive stress due to
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the presence of implanted nitrogen atoms in interstitial posi-

tions within the Mo lattice, leading to lattice distortion [38].

As the film thickness increases, nitrogen ions are dispersed over
more volume, enhancing the cumulative distortion effects inside
the films. Furthermore, nitrogen implantation improves densifi-
cation and modifies the crystal structure. Nitrogen ions serve as
a barrier in boundary relaxation and grain growth, hence in-
creasing the stress. The divergent behavior illustrates the signif-
icant influence of nitrogen inclusion on the stress evolution of
Mo thin films.

The crystalline orientation of the Mo films along a particular
(hkl) plane can be quantified by determining the texture coeffi-
cient (TCyy,), which is determined by the following equation
[39,40]:

(ki)

TChy =
M (11)+1(200) +1(220)+ 1 (311)

O]

where hkl represents the (111), (200), (220), or (311) orienta-
tions. The calculated TCyy; values for each Mo thin film are
summarized in Table 2.

The texture coefficients of as-deposited and N,"-implanted Mo
thin films demonstrate a strong orientation preference in the
(111) direction. The TCy; values of these films are significant-
ly larger than those for other orientations. Also, the texture
coefficient for the (200) plane, though less than that for the
(111) plane, is larger than those for the (220) and (311) planes.
These observations reveal that the plane (111) is the dominant
crystalline orientation in both as-deposited and nitrogen-
implanted Mo thin films. The (111) plane in face-centered cubic
structures, such as Mo, typically has the lowest surface energy
[35]. Therefore, atoms tend to arrange themselves to minimize

Table 2: Lattice constants and texture coefficients of as-deposited and implanted Mo thin films.

Serial Sample Lattice constant a (A)
number

1 as-deposited 150 nm 4124

2 No*-implanted 150 nm 4.139

3 as-deposited 200 nm 4126

4 No*-implanted 200 nm 4138

5 as-deposited 250 nm 4129

6 No*-implanted 250 nm 4135

7 as-deposited 300 nm 4133

8 No*-implanted 300 nm 4.134

Texture coefficient

TC(111) TC(200) TC(220) TC311)
0.501 0.302 0.104 0.054
0.433 0.364 0.172 0.000
0.511 0.311 0.110 0.057
0.462 0.373 0.183 0.000
0.518 0.328 0.118 0.059
0.482 0.384 0.189 0.000
0.525 0.331 0.126 0.061
0.492 0.391 0.191 0.035
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the overall energy, leading to a predominant (111) orientation.
This tendency is even more pronounced for as-deposited films,
where the absence of any external influence would have
allowed for the natural minimization of surface energy.
Nitrogen ion implantation could change the crystalline orienta-
tion through defects and stress introduced in the Mo thin films.
The residual stress due to the implantation may also be an influ-
ential factor regarding the preferred orientation. If the applied
stress promotes the (111) orientation, this plane will be more

pronounced in the resultant thin film [9].

Additionally, the texture coefficients increase with the thick-
ness for both as-deposited and implanted Mo thin films. Thicker
films (i.e., 250 and 300 nm) generally exhibit stronger orienta-
tion preferences because of the increased volume for devel-
oping certain planes. In contrast, thinner films (i.e., 150 and
200 nm) exhibit a specific orientation preference owing to the
restricted volume, which restricts the formation of certain
planes [41]. Furthermore, the interaction between the substrate
and the thin film can generate stress and strain, affecting the
growth of specific planes. If the substrate promotes the (111)
orientation through lattice compatibility, the resultant Mo thin
film exhibits a pronounced (111) orientation.
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Crystallite size and texture coefficients of these Mo thin films
significantly increase with the thickness of Mo thin films.
Moreover, a significant reduction has been observed in both
these parameters after nitrogen implantation compared to equiv-
alently thick as-deposited films. The increase in crystallite size
with greater film thickness directly signifies enhanced crys-
tallinity, observable by the formation of larger crystallites in
thicker films. Additionally, the texture coefficient rises, signi-
fying that crystallites attain a more uniform orientation in the

film.

Surface morphology

Figure 5 depicts 2 x 2 um? 2D and 3D AFM images of
as-deposited and implanted (at an ion fluence of
1 x 10'7 Ny™-cm™2) Mo thin films. Figure 5a reveals that the
150 nm thick Mo film exhibits a surface with thinner and more
elongated rough peaks [42]. In this stage of deposition, the par-
ticles exhibit granular, tightly packed vertical peak growth.
After nitrogen implantation (Figure 5a’), the shape altered into
broader and more flatter characteristics [42]. This may be
because of surface alterations induced by the N,* implantation
[9,42]. Interestingly, variations in Mo film thickness from 150
to 300 nm also led to noticeable changes in morphology. With
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Figure 5: 2D and 3D AFM images of Mo thin films: as-deposited (a) 150 nm, (b) 200 nm, (c) 250 nm, and (d) 300 nm, and implanted (a’) 150 nm,
(b') 200 nm, (c') 250 nm, and (d') 300 nm. The fast Fourier transform images are insets in the 2D AFM micrographs.
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the increase in thickness, rough peaks evolved into broader and
flatter shapes. The fast Fourier transform images indicate
random distribution with different orientations of particles. The
surface morphology parameters are listed in Table 3. The RMS
roughness values of Mo thin films with 150, 200, 250, and
300 nm thickness are around 1.09, 1.23, 1.41, and 1.73 nm, re-
spectively. After N, implantation, the RMS roughness in-
creases to 1.28, 1.43, 1.58, and 1.89 nm, respectively. A similar
trend in roughness has been observed after N,* implantation for
all Mo films. Table 3 reveals a continuous increase in particle
size with Mo film thickness before and after N»* implantation.

Table 3: Values of RMS surface roughness and particle size of
as-deposited and implanted Mo thin films.

Serial  Sample Roughness Particle size
number (nm) (nm)

1 as-deposited 150 nm  1.09 £ 0.11 67.41 +0.88
2 No*-implanted 150 nm 1.28 £ 0.21 100.71 +1.23
3 as-deposited 200 nm  1.23 +0.32 73.26 + 1.21
4 No*-implanted 200 nm 1.43 +0.12 106.41 + 1.11
5 as-deposited 250 nm  1.41 £ 0.14 80.86 + 1.24
6 No*-implanted 250 nm 1.58 + 0.28 113.24 + 1.31
7 as-deposited 300 nm  1.73+0.16 88.24 +1.40
8 No*implanted 300 nm  1.89 + 0.21 119.86 + 1.43

This increase in roughness and particle size is related to struc-
tural alterations due to the increasing film thickness. At the
lowest thickness, a greater number of particles are found to be
small [43]. As the thickness of Mo thin films increases, smaller
particles coalesce, which increases the surface roughness. The
increase in roughness and particle size of implanted films

results from structural modifications caused by N,* implanta-
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tion. AFM analysis reveals that N,* implantation and thickness
of films significantly influence the surface morphology of Mo
thin films.

Optical properties

Spectroscopic ellipsometry

Figure 6 depicts the fit of the spectroscopic ellipsometry data in
which the parameters of the Drude—Lorentz oscillator model
were adjusted. In ellipsometry, the two parameters p and A
characterize a change in polarization state.  denotes the ampli-
tude ratio between p-polarized (parallel to the plane of inci-
dence) and s-polarized (perpendicular to the plane of incidence)
light components after interaction with the sample. A denotes
the phase difference between these components after contact
with the sample. Upon successfully fitting the results of No*-
implanted molybdenum thin films for all thickness, a small
error percentage (in this case, 0.15%) between the experimental
and simulated curves is observed, indicating a close match
[2,44]. The simulated curves derived from the fit process vali-
date the results and offer a theoretical framework for under-

standing the optical properties of molybdenum thin films.

Absorbance spectra

The absorption spectra of Mo thin films in Figure 7 show the
effects of nitrogen ion implantation and film thickness on the
production of Mo nanoparticles and the subsequent increase
in surface plasmon resonance or interband transitions.
As-deposited molybdenum thin films deposited at room temper-
ature typically exhibit a smooth surface and crystalline struc-
ture. The absorbance of molybdenum thin films increases with
increasing film thickness and peaks between 300 and 700 nm,
corresponding to the localized surface plasmon resonance
(LSPR) of molybdenum nanoparticles [45,46].

26
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254 = 150 nm (Model)
] (b) 200 nm (Exp.)
24 o 200 nm (Model)

——(c) 250 nm (Exp.)
a 250 nm (Model)
(d) 300 nm (Exp.)
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\ :
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Wavelength ‘A’ (nm)
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Figure 6: Measured SE data (solid line) and fit (symbols) of y and A spectra as functions of the wavelength of No*-implanted molybdenum thin films

with thicknesses of (a) 150 nm, (b) 200 nm, (c) 250 nm, and (d) 300 nm.
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Figure 7: Absorbance spectra of as-deposited and No*-implanted Mo
thin films with thicknesses of (a, a') 150 nm, (b, b’) 200 nm,
(c, ¢') 250 nm, and (d, d’) 300 nm.

The formation of defects through ion irradiation increased the
scattering of light and absorption within the film, resulting in
enhanced overall absorbance of Mo thin films. The blue shift of
the LSPR band to a shorter wavelength (i.e., 260-340 nm) after
nitrogen ion implantation can be attributed to modifications in
the size, shape, and density of molybdenum nanoparticles [47].
The absorbance bands are more pronounced after nitrogen
implantation because of defects that facilitate the growth of
smaller nanoparticles or cause aggregation, consequently

altering the plasmonic characteristics of the material.

Reflectance spectra
Figure 8 shows the reflectance spectra as-deposited and
implanted Mo thin films as functions of the thickness. The dip

observed in the reflectance spectra of Mo films between 300
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Figure 8: Reflectance spectra of as-deposited and Nx*-implanted Mo
thin films with thicknesses of (a, a’) 150 nm, (b, b’) 200 nm,
(c, ¢') 250 nm, and (d, d’) 300 nm.
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and 700 nm is attributed to the LSPR of Mo nanoparticles. The
peak observed in the reflectance spectra at approximately
260 nm correlates with the dip in absorbance [48]. A notable
enhancement in the reflectance of Mo thin films is observed as
a function of the film thickness. Ion implantation induces many
alterations in the reflectance spectra. The shift of the peak to
shorter wavelengths (about 225 nm) shows a change in the elec-
trical structure of the Mo thin film, probably due to defect for-
mation. These defects can modify the plasmonic behavior of the
nanoparticles, influencing their resonance properties and, subse-
quently, the absorbance spectrum [49]. Furthermore, the altera-
tion in peak location indicates an increased number of nanopar-
ticles or a modification in their size distribution resulting from

damage caused by ion implantation.

Refractive index

Figure 9 shows the refractive index of as-deposited and
implanted Mo thin films as a function of the thickness. The
refractive index increases after N,* implantation because of
several factors, notably the formation of defects and changes in
the composition and structure of Mo thin films. There is a dip in
the refractive index between 300 and 700 nm, attributed to the
LSPR of molybdenum nanoparticles. Defects include intersti-
tials, vacancies, and structural deformation, which modify the
electrical and lattice structure of the material [49,50]. The
refractive index of both as-deposited and implanted Mo thin
films increases with increasing film thickness. The increased
refractive index suggests increased particle density and a better
interaction between light and Mo thin films.
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Figure 9: Refractive index of as-deposited and No*-implanted Mo thin
films with thicknesses of (a, a') 150 nm, (b, b’) 200 nm, (c, ¢') 250 nm,
and (d, d’') 300 nm.

Electrical properties
Figure 10 shows the current—voltage (I-V) characteristics of the

as-deposited and implanted Mo thin films as a function of thick-
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Figure 10: Current—voltage characteristics of as-deposited and Nx*-implanted Mo thin films with thicknesses of (A) 150 nm, (B) 200 nm, (C) 250 nm,

and (D) 300 nm.

ness. -V curves have been obtained within a voltage range of
=5 to 5 V. A nearly linear relationship between applied voltage
and the resulting current indicates ohmic behavior [51]. Resis-
tance and resistivity of the Mo thin films have been calculated
based on the slope of the -V curve. The observed increase in
current across the thin films suggests their superior electrical
conductivity. Such characteristics are highly desirable for
various electronic and electrical applications where efficient
electrical conduction is paramount.

The stress in the films may influence the electrical properties.
As the thickness changes, the internal stress distribution could
lead to impediments in electron transport, causing slight devia-
tions from linearity. Nitrogen ions create defects, vacancies, or
impurities in the molybdenum film, acting as scattering centers
for charge carriers. Ion implantation may also create localized
states within the film, causing some charge carriers to become
trapped. This affects the charge transport mechanism, leading to

slight nonlinearities. The ion implantation causes modifications

in the grain structure of the molybdenum thin films. Such struc-
tural changes can influence the movement of electrons through
the material, particularly at grain boundaries, resulting in non-
linear I-V behavior.

Resistivity and conductivity
The resistivity of thin films is defined by the relation [51,52]:

p=r7,

; ®)

where p is the resistivity, R is the resistance, A represents the
area of the thin molybdenum film samples (width of film x
thickness of film), and / corresponds to the length between the
two probes. The relationship between resistivity and conduc-
tivity is [51]:

’ ®
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Table 4: The electrical parameters of as-deposited and implanted Mo thin films.

Serial number  Thickness ‘t’ (nm)

1 as-deposited 150 nm 101
2 No*-implanted 150 nm 160
3 as-deposited 200 nm 72
4 No*-implanted 200 nm 117
5 as-deposited 250 nm 55
6 No*-implanted 250 nm 90
7 as-deposited 300 nm 45
8 No*-implanted 300 nm 68

where o represents the conductivity of thin films, and p corre-
sponds to the resistivity of thin molybdenum films. The resis-
tivity of the films increases after implantation but reduces as the
thickness of the film increases from 150 to 300 nm, as summa-
rized in Table 4.

The conductivity of as-deposited Mo thin films increases from
6.62 x 10% to 7.57 x 102 S-cm™! when the film thickness in-
creases from 150 to 300 nm. This can be ascribed to the in-
creased conducting pathways in thicker films. These channels
provide more pathways for electrons to flow, enhancing
conductivity. Conversely, the conductivity of the thin molyb-
denum films tends to decrease after N, implantation for films
with the same nominal thickness [32,53]. The resistivity of
as-deposited and implanted molybdenum thin films with differ-
ent thickness is illustrated in Figure 11.
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Figure 11: Resistivity of (A) as-deposited and (B) No*-implanted Mo
thin films as a function of the thickness.

The increase in resistivity after nitrogen implantation is linked
to the decreased crystalline quality of molybdenum thin films.
After implantation, various grain boundaries disrupt the crystal

structure. These boundaries act as obstacles for charge carriers,

Resistance ‘R’ (Q)

Resistivity p (x 10-3 Q-cm) Conductivity o (x 102 S-cm™1)

1.51 6.62
2.56 3.90
1.44 6.94
2.40 4.18
1.37 7.27
2.25 4.44
1.32 7.57
2.07 4.84

hindering their movement and thus increasing resistivity.
Further, scattering at these boundaries reduces the mobility of
charge carriers, leading to a decrease in conductivity. Essen-
tially, the more boundaries present after implantation, the
greater the scattering effect [32]. As the thickness of the films
increases, their conductivity increases. This is because thicker
films have a denser microstructure. More atoms are packed
closely in thicker films, creating a more efficient pathway for
electrical current to travel [54]. The increase in conductivity
with thickness is beneficial for applications such as intercon-
nects and conductive traces in microelectronic devices, where
efficient electrical conduction is crucial. Overall, ion implanta-
tion with a nitrogen ion beam under the specified conditions
affects the conductivity of molybdenum thin films by intro-
ducing defects, modifying the crystal structure, doping the ma-
terial with nitrogen ions, and potentially improving surface
characteristics.

Correlation of structural, optical, and

electrical parameters with thickness

Figure 12 depicts the mutual correlations between the structural,
optical, and electrical parameters of both as-deposited and N,™*-
implanted Mo films as a function of film thickness. The crystal-
lite size of the as-deposited Mo films increased with increasing
thickness, signifying a more defined crystalline structure. This
trend persists even after ion implantation, with a reduction in
crystallite size due to structural alterations and defects intro-
duced by the ion implantation process. After No* implantation,
the refractive index increased due to defects created by the
implantation, which modified the crystal structure and resulted
in a denser, optically distinct material. Similarly, the electrical
conductivity of the as-deposited Mo films increased with in-
creasing thickness, as thicker films often provide better path-
ways for electron conduction because of less scattering effects.
However, after implantation, several grain boundaries are
compromising the crystalline structure. These barriers act as
obstacles for charge carriers, obstructing their mobility and in-

creasing resistivity. This results in a reduction in conductivity.
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Figure 12: Mutual correlation between (a, b) crystallite size, (a’, b’) refractive index, and (a”, b") conductivity and thickness of the Mo films. (a), (a’)
and (a") stand for as-deposited and (b), (b)’, and (b") stand for No*-implanted Mo thin films.

Despite this reduction, the conductivity also increased in

implanted films.

Conclusion

This study gives comprehensive insights into the structural,
morphological, optical, and electrical properties of Mo thin
films of varying thickness deposited on Si(100) substrates by
RF sputtering. Some of these films have been implanted with
1 x 10'7 Ny*.cm™2 at 30 keV. GXRD showed that crystallite
size and texture coefficients of Mo thin films enhanced with
thickness in as-deposited films, indicating improved crystallo-
graphic order and diminishing dislocations and microstrain.
This trend with film thickness persists even after N»* implanta-
tion. After implantation, these parameters significantly de-
crease relative to as-deposited films with the same nominal
thickness. Structural analysis also shows a shift of peaks
towards lower 20 values, indicating that the tensile stress in
as-deposited Mo thin films changes to compressive stress after
implantation. The AFM analysis shows that RMS roughness in-
creases with thickness in both as-deposited and implanted films.
The RMS roughness significantly increases upon implantation.
Optical studies using SE show a significant increase in absor-
bance and reflectance in both as-deposited and N»*-implanted
films. The absorbance peak and reflectance spectra dip corre-
spond to molybdenum nanoparticles. Electrical investigations
showed that conductivity increases with the film thickness in
both as-deposited and implanted films, but decreases upon
implantation for the corresponding films with the same nomi-
nal thickness. The findings suggest that nitrogen ion implanta-
tion can tailor the properties of Mo thin films, enhancing their
performance in applications such as photovoltaic devices,

energy storage, and integrated circuits.
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