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ABSTRACT

A successful hexagonal Cu2S p-type semiconductor thin film using DC magnetron sputtering is reported. Films with thickness gradients
were deposited by taking advantage of deposition geometry and target dimensions. X-ray diffraction (XRD) analysis confirmed the exclusive
formation of the hexagonal Cu2S phase. Elemental composition and thickness dependence with the sample position were determined using
energy-dispersive x-ray spectroscopy. Optical properties, including the optical bandgap, refractive index, and extinction coefficient, were
assessed by modeling transmittance spectra. The Tauc–Lorentz oscillator and Drude models were employed for this purpose. XRD data
analysis successfully determined the film thickness (tXRD) as a function of the sample position, aligning well with thickness values (tT )
derived from transmittance spectra analyses. These results were further supported by film thickness values (tSEM) obtained from cross-sec-
tional SEM images. Charge carrier density and mobility, extracted from the optical models, were found to be consistent with DC electrical
measurements. AC impedance curves were effectively modeled with RL–RC parallel circuits. The results indicate that the inductance (L) and
capacitance (C) components of the films increase with decreasing film thickness.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0191049

I. INTRODUCTION

In the coming years, the global demand for renewable energies
will certainly witness an increase. This is primarily because most of
the energy used nowadays comes from the combustion of fossil
fuels (non-renewable energy), which has been pointed out as highly
harmful to the climate and living beings. In this context, although
silicon is one of the most common elements on the planet,1 its pro-
duction process for solar cells (better than 99.99% purity) is expen-
sive,2 thus the search for alternative materials with easier and

cheaper manufacturing techniques is still necessary. In this context,
p-type transparent conducting materials (TCMs) are essential for the
production of inorganic solar cells. The Cu2S hexagonal phase has a
hole concentration in the range of �1:2� 1020 �1:6� 1022 cm�3

(Ref. 3) and bandgap energy (Eg) in the range of 1.2–2.5 eV,4

making this a worthwhile option for TCMs. The hexagonal phase is
one of the five more stable phases at room temperature.5 Regarding
the production of this material, different techniques for the deposi-
tion of copper sulfide thin films are reported in the literature,
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between them, one can highlight the hydro- and solvothermal,6

thermionic vacuum arc,7 vacuum thermal evaporation,3 reactive sput-
tering,8 and the reactive radio frequency (RF) sputtering method.9

However, it should be noted that the growth conditions on the mag-
netron sputtering system, such as the deposition rate, substrate type,
work pressure, magnetic field configuration, and temperature of the
substrate lead to a significant impact on the resulting feature Cu2S
thin film. In particular, a slight change in film’s stoichiometry could
lead to a polymorphism change. On the other hand, a crucial point in
the development of new optoelectronic devices is to understand the
thickness distribution while employing magnetron sputtering, where
parameters such as source design, target erosion, and
source-to-substrate distance promote changes in the thickness distri-
bution.10 The film thickness, which is usually regulated by the deposi-
tion time,11,12 and the growth rate, which is tightly controlled by the
power in sputtering deposition,13 have a significant impact on the
final properties of Cu2S films. The physical properties of the film are
closely related to its thickness. A substantial reduction in film thick-
ness can cause a quantum confinement effect by changing the grain
size of the crystal. Beyond this, reduction in film thickness causes
strain at the film’s surface and interface by increasing the surface area
while also introducing asymmetry. These effects display the close rela-
tionship between the structural, optical, and electric properties of the
film. Several methods are available for measuring the films’ thickness,
for example, the examination of the cross section for instance, the
most commonly used one. However, evaluating the film cross section
is an expensive and destructive method. Additionally, in films with a
depth gradient, the thickness of a specific region of the sample could
diverge from the average values. Here, the optical methods provide
larger spots and potentially more accurate readings. Nevertheless, due
to the numerous parameters required for modeling the optical disper-
sion, it may be difficult to conduct proper analyses. An alternative
method is x-ray reflectometry (XRR), however, not all laboratories
have access to this type of analysis. A tentative approach was made by
Srinivasan et al., who used a conventional x-ray diffraction (XRD)
method to measure the thickness of nickel deposits on mild steel
plates and compared their findings with those from weighing and
metallographic examination.14 Despite satisfactory results, to our
knowledge, no additional research has been conducted on this subject.

In this work, we present the growth of hexagonal Cu2S thin
films, along with a comprehensive structural, optical, and electrical
characterization. Our investigation reveals a strong correlation
between the thickness gradient and the substrate position. This corre-
lation is determined through conventional XRD patterns and optical
analysis. Additionally, it is further supported by cross-sectional
micrographs. These findings allow us to evaluate the impact of mate-
rial thickness on the structural, optical, and electrical properties of
the films. A noteworthy outcome of our study is the determination of
carrier concentration and mobility, achieved through optical charac-
terization and validated by Hall effect measurements. We believe that
these findings contribute to a deeper understanding of the material’s
properties and its potential applications.

II. EXPERIMENTAL DETAILS

Copper sulfide thin film deposition was carried out onto glass
substrates (borosilicate) via DC sputtering at room temperature.

Films with different thicknesses were obtained by distributing glass
substrates with 10 � 10 mm2 dimensions one aside the other along
the +x axis, where x is the position of one of the substrates mea-
sured from the center (x = 0), which goes up to + 55 mm.
Previously, the substrates were carefully cleaned by soaking in
soapy water and sonicating for 20 min, following cleaning with dis-
tilled water, repeating the procedure with isopropyl alcohol, and,
finally, drying in hot air. The magnetron sputtering configuration
was designed for the growth of the films, with substrate to target
distance set at 50 mm while controlling the deposition rate via the
DC power supply (12W), with deposition time set for 60 min. The
base pressure and work pressure were set at 4:2� 10�5 and
5:5� 10�3 mbar, respectively. The latter is controlled by the high-
purity argon gas flow into the vacuum chamber. The configuration
of the samples is located in a line moving away from the center,
toward the positive and negative direction along the x-axis accord-
ing to Fig. 1.

The latter was employed during the deposition process to
adjust the thickness of the layers. A Rigaku-Miniflex 600 x-ray dif-
fractometer equipped with a copper anode was used for structural
characterization. Diffraction patterns were analyzed using the
Rietveld refinement method implemented in the Generalized
Structure Analysis System (GSAS).15 The film resistivity, sheet resis-
tance, and carrier concentration were measured using the standard
Van Der Pauw configuration for Hall effect measurements. Optical
characterization was assessed through transmission measurements
performed with a UV-1800 model SHIMADZU spectrometer, in
the wavelength range from 190 to 1100 nm, using a deuterium lamp
(UV light) and tungsten lamp (visible light) as light sources. The
cross-section images were obtained using a JEOL Scanning Electron
Microscopy (SEM) model JSM 7001F operating at 10 kV. The AC
electrical measurements were recorded using a HP 4284A system
operating in the frequency range from 20Hz to 1MHz.

FIG. 1. Schematic representation of the distance (x) on the as-grown Cu2S thin
film used to obtain the XRD pattern.
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III. EXPERIMENTAL RESULTS AND DISCUSSION

1. Structural properties

Figures 2(a) and 2(b) show the XRD patterns for the as-grown
polycrystalline Cu2S films corresponding to different regions along

the x-axis. Those regions were defined according to the distance
from the center of the supporting substrate (x ¼ +5, +15, +25,
+35, +45, +55 mm). As indicated in Fig. 1, the distance between
the target and the substrate center was H = 50 mm. As can be
inferred from the plots in Figs. 2(a) and 2(b), the intensity of every
XRD peak has a strong correlation with the distance (x) and the
mean film thickness. The XRD peaks were indexed as the Cu2S
hexagonal phase, with space group P63/mmc. Analysis of the XRD
data indicates the formation of only hexagonal Cu2S, with no evi-
dence of other crystalline or amorphous phase besides the borosili-
cate glass substrate characterized by a broad band located �25�

[see Figs. 2(a) and 2(b)]. To assess the structural properties of
as-grown Cu2S films, the XRD patterns were further analyzed by
the Rietveld refinement method. For the refinements, the
Lorentzian function HL ¼ X tan θ þ Y= cos θ was used to model
the peak shape, where X and Y are the refinable parameters.
Table I shows the lattice constant values (a ¼ b and c) obtained
from the fitting procedure, and it shows that the lattice constant
values reveal a slight tendency to increase as the analyzed region
approaches the sample holder center (lower x values). The latter
can be easily verified in the plot of the unit cell volume (V) against
x, as shown in Fig. 3(a). This systematic trend is herein related to
the compression strained states in the region far from the center
(thinner film), which then relax as the x position is closer to the
sample holder’s center, approaching the value reported by Cava
et al. for hexagonal Cu2S single-crystal using neutron diffraction
data.16 The mean crystallite size hDi was calculated using the
Scherrer equation, hDi ¼ kλ=(βsize cos θ), where k is the Scherrer
constant, λ is the wavelength of the x-ray beam used (0.154 nm),
βsize ¼ βexp � βinst is the corrected full width at half maximum
(FWHM) of the XRD peak of the diffraction peak width measure-
ment (βexp) and the instrumental broadening (βinst) contribution,
and θ is Bragg’s angle.17

As shown in Table I, the hDi parameter displays higher values
in the thicker region of the film (lower x distance) and a decreasing
tendency in the thinner region of the film (higher x distance),

TABLE I. List of the structural parameters of the Cu2S thin film extracted from the
XRD Rietveld refinement. The S-factors (Rwp/ Rexp) indicate the quality of the refine-
ment. The film’s thickness (tXRD) was determined according to the provided in the
text.

x (mm) a (Å) c (Å) V(Å3) ⟨D⟩ (nm) S tXRD (nm)

−55 3.907 6.729 88.979 … 1.31 153 ± 40
−45 3.914 6.735 89.348 17 ± 1 1.31 646 ± 100
−35 3.906 6.726 88.895 19 ± 1 1.33 963 ± 200
−25 3.921 6.757 89.952 17 ± 1 1.29 969 ± 40
−15 3.922 6.773 90.205 20 ± 1 1.27 1052 ± 100
−5 3.929 6.783 90.701 24 ± 1 1.31 936 ± 200
+5 3.922 6.773 90.225 23 ± 1 1.29 953 ± 80
+15 3.926 6.783 90.561 21 ± 1 1.28 1026 ± 100
+25 3.916 6.747 89.603 20 ± 1 1.27 1165 ± 90
+35 3.915 6.738 89.459 21 ± 1 1.30 742 ± 70
+45 3.906 6.720 88.809 17 ± 1 1.29 580 ± 60
+55 3.914 6.723 89.193 … 1.27 196 ± 60

FIG. 2. (XRD patterns recorded from regions located at different distances (x)
from the center of the substrate toward (a) right and (b) left. (c) Refined XRD
pattern, which corresponds to the film region located at x ¼ þ15 mm from the
center. Symbols in (c) represent experimental data; the solid red line is the calcu-
lated data, and the solid green line is the difference between them. The blue ticks
at the bottom of the panel represent the expected positions of Bragg’s reflections.
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despite the general understanding that film thickness and crystallite
mean size relationship is complex and depends on multiple factors,
such as strain effects, surface energy, growth mode, surface and
interface effects, or combination of multiple factors. Therefore, it is
essential to consider that in the sputtering technique, the growth
process is governed by island formation. In the early stages of
growth, islands of crystalline material may form on the substrate.
The size and density of these islands can affect the overall crystallite
size within the end film. Thicker films may have more time for
these islands to coalesce and grow, leading to larger crystallite sizes.
The increase in the film’s thickness is largely reported in the litera-
ture, in which it is claimed that the crystallite size within the film
increases with the film thickness.18,19

The x-ray diffraction data can be used to estimate the film
thickness, given that the XRD pattern includes information about
the substrate and the deposited film on top of it. In this regard, the
estimation of the film thickness is based on the observed change in

the x-ray absorption of the film, assuming that the crystallites in
the film are randomly oriented, as reported by Srinivasan et al..14

The thickness (tXRD) of the deposited film can be obtained from
the XRD diffraction peak through the relationship between the
peak area of the uncoated substrate (As) and the peak area of the
coated substrate, i.e., including the film on top of the substrate
[Afilm ¼ As + Area above in Fig. 3(b)]. Equation (1) describes the
relationship between Afilm and As, assuming that the substrate is
significantly thicker than the film and that the sample’s absorption
increases with the amount of the material,

Afilm ¼ Ase
�(2μ filmtXRDcosec θ) (1)

where e�(2μ filmtXRDcosec θ) is an attenuation factor produced by the
film with a thickness tXRD, whereas μ film is the linear absorption
coefficient of the material. The linear absorption coefficient of the
hexagonal Cu2S is 337 cm�1.20 The thickness of the film (tXRD) can
be obtained from Eq. (2),

t XRD ¼ 1
2μ filmcosec θ

ln
As

A film

� �����
����: (2)

Figure 3(b) depicts the best fitting of the (103) XRD peak
using the Lorentzian peak-shape function to assess the uncoated
and coated substrate area within the corresponding Bragg angle
range. To increase the accuracy, two XRD peaks (110 and 103)
were used in the analysis. The average values of the film thickness
at each distance (x) are collected in Table I and graphically dis-
played in Fig. 6(a). Our findings indicate a maximum value of tXRD
for x around 25 mm, which may be explained by the target’s
erosion pattern, caused by the magnetic sputtering setup.
Moreover, the maximum value of tXRD is observed in the positive
and negative distances (x), roughly symmetrically, which is closely
linked to the source-to-substrate distance according to simulations
using target erosion data.10

2. Morphological characterization

As shown in Figs. 4(a) and 4(b), the cross-sectional SEM
images show that the film thickness tends to decrease as the distance
(x) increases, i.e., going away from the center of the substrate.
Additionally, a dense and uniform film is observed at each particu-
lar distance (x). However, because the deposited film is expected to
show a thickness dependence on x (thickness gradient), this may
lead to a misinterpretation of the film’s average thickness value.
Nevertheless, depending on the distance (x) where the analysis is
performed, this could not always be the most representative value as
it will be discussed later on in this report. Moreover, to make a qual-
itative elemental characterization of the as-grown film, energy-
dispersive x-ray spectroscopy (EDS) analysis was performed at
selected positive x. Figure 4(c) shows the measurements carried out
on the film at x ¼ þ5 mm from the center. Three spots (1–3)
were evaluated and the average counts are shown in the inset of
Fig. 4(d). Figure 4(d) shows the EDS spectra of the Cu2S film
obtained at different x. As observed, the thicker film at
x ¼ þ15mm exhibits only the characteristic x-ray peaks located at
0.93, 8.04, and 2.31 keV expected for the Cu Lα, Cu Kα and S Kα,

FIG. 3. (a) Unit cell volume vs the distance (x) from the center of the substrate.
The dashed red line is only a guide to the eyes (Ref. 16). (b) (103) Bragg peak:
the open circles represent the experimental data and the solid red line repre-
sents the data fit using the Lorentzian peak-shape function.
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respectively. This result confirms the chemical composition of the
Cu2S film. However, the thinner film located at x ¼ þ55 mm shows
additional characteristic x-ray peaks at 0.53, 1.74, and 3.69 keV,
respectively, which are associated with the O Kα, Si Kα, and Ca Kα,
coming from the chemical composition of the borosilicate glass sub-
strate. The latter result is associated with the reduction of the film
thickness, and it is evidenced by the reduction of the counts of the
Cu Lα peak as x increases [see the inset in Fig. 4(d)].

3. Optical properties

To assess the optical properties of the as-grown film, ultravio-
let–visible (UV–Vis) spectroscopy measurements were carried out
in the wavelength (λ) range from 110 to 1100 nm. The optical
spectra were recorded in transmittance mode, sweeping the

wavelength range four times while rotating the sample by 90� after
each measurement in order to improve accuracy. The transmittance
spectra of the Cu2S thin film at different x are collected in
Figs. 5(a) and 5(b) and represented by solid symbols. Additionally,
the spectrum of the borosilicate substrate (open black symbols) is
included in each panel. In order to simulate the transmittance
spectra of the air/substrate/film/air layers in the UV–Vis region,
SpectraRay/4 software from SENTECH was used. This software
implements the soda lime float glass (SLG) with tin impurities and
the combination of the Tauc–Lorentz oscillators (TLOs) and Drude
models to the borosilicate glass layers (1 mm) and Cu2S thin films,
respectively.21 In Figs. 5(a) and 5(b) are shown the simulated and
experimental data. As observed, a good match between the experi-
mental data (symbols) and the simulated curves (solid red lines)
was obtained. Regarding the transmittance maxima (TM), as can

FIG. 4. Cross-sectional SEM micrographs of the Cu2S films located at different distances (a) x ¼ þ5 mm, and (b) x ¼ þ45 mm. (c) Surface image of the film at
x ¼ þ5 mm, showing the three evaluated spots. (d) EDS of the Cu2S film located at different x. The inset exhibits the reduction of the counts of the Cu Lα peak as x
increases, suggesting a reduction of the Cu quantity as the film moves away from the center.
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be seen in the inset of Fig. 5(a), the thinner region of the film dis-
plays more transparency. Inversely, the thicker region of the film,
located around the center of the substrate, displays lower transpar-
ency. It is worth noting that the transparency of a thin film scales
linearly with the optical path length difference (OPD) of the light
traveling through it. Light is increasingly absorbed in thicker films
as the OPD expands, which leads to a transparency reduction as
the film thickness increases.

The TLO model has been successfully used to simulate the
optical transmittance of materials, particularly in the determination
of the energy bandgap and the absorption edge, which describes
how a material’s absorption coefficient (α) changes with the
photon energy (hν), as in the case of TiO2=SnO2 thin films.22

Meanwhile, the Drude model, which describes the behavior of free

electrons in a material, that is associated with the free electron
density, electron mass, and relaxation time, has been successfully
used to model metals23 and transparent conductive oxides
(TCOs).24,25 In Fig. 6(a) are plotted the film thickness extracted
from XRD and optical data analyses. In addition, to validate our
results, two film thickness values (star symbols) obtained from
SEM cross-section images were included. As observed our results a
good show of consistency [see Fig. 6(a)]. Figure 6(b) shows the
refractive index (n) and extinction coefficient (k) as a function of
the film thickness (tT ), the latter extracted from the n and k curves
vs λ, as shown in Figs. 5(c) and 5(d). On the other hand, n
increases substantially as tT increases, whereas k slightly decreases
as tT increases, as shown in Fig. 6(b). The refractive index trend
with the film thickness can be explained based on the photoelastic

FIG. 5. (a) and (b) Room-temperature transmittance spectra of Cu2S thin film collected at different x. The transmittance spectrum of the glass substrate (filled circles) is
included for comparison purposes. Simulated spectra are represented by the solid red lines. In the inset, the transmittance maxima (TM) as a function of the sample posi-
tion is included. (c) Refractive index and (d) extinction coefficient curves as a function of the wavelength, plotted for some representative x (�55, �5, +5, and +55 mm).
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effect. This effect is expected to occur when a material experiences
mechanical stress, leading to changes in the optical properties,
including the refractive index.26,27 In the case of compressive strain,
a reduction in the material dimensions is expected, reducing the
bond distance between the ions. In some materials, such as in KBr,
NaCl, LiF, diamond, and quartz, the change in refractive index due
to a compressive strain is generally positive, meaning that the
refractive index increases with the strain. However, in other materi-
als, such as MgO and Al2O3, the refractive index decreases.

27 In the
case of Cu2S, our finding suggests a decreasing tendency of the
refractive index with the compressive strain.

Absorption edges in the wavelength (λ) region from 450 to
550 nm [see Figs. 5(a) and 5(b)] are associated with the optical

bandgap energy (Eg). The latter can be assessed via the absorp-
tion coefficient (α) obtained from the relation: α ¼ 4πk=λ. Eg is
commonly determined from the intercept of the linear portion
of (αhν)2 vs (hν) plot using the Tauc plot-like (TP) method, i.e.,
(αhν) ¼ A(hν � Eg)

n, considering n ¼ 1=2 for direct electronic
transitions. However, this method does not account for the
Urbach tail, which can be present in both degenerate and non-
degenerate semiconductors. In order to include this contribu-
tion, the band-fluctuation (BF) model was used and is described
by28

α(hν) ¼ (1=2)(A0=hν)
ffiffiffiffiffiffiffiffi
π=β

p
Li1=2

��eβ(hν�Eg )
�
: (3)

FIG. 6. (a) Film thickness obtained from XRD (tXRD), transmittance (tT ), and cross-section SEM images (tSEM ) as a function of x. (b) Refractive index (n) and extinction
coefficient (k) as a function of tT . (c) Energy bandgap vs tT determined from the Tauc plot (TP) and the band-fluctuation (BF) models. (d) Charge carrier concentration
(upper panel) and hole mobility (lower panel) as a function of tT . Here, the m�

e ¼ 0:8me (from Ref. 30) is used for the N values determination.
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Here, hν is the photon energy, A0 is a constant in units of
eV�1 cm�1, β is the inverse of Urbach energy, and Li j(x) is the jth
order polylogarithm function of x. Typical fits for both methods
(TP and BF) are presented in the inset of Fig. 6(c) for the film spot
at x ¼ �5 mm.

The bandgap values obtained from both methods as a func-
tion of the film thickness show a decreasing trend, as shown in
Fig. 6(c). A plausible explanation for the bandgap closing could be
assigned to the grain size effect once the crystallite radius within
the as-grown Cu2S film displays a tendency to decrease from �12
to �8 nm (see Table I). The lower end is close to the Bohr radius
(3–5 nm) of Cu2�xS, reported in the literature.29 The Urbach
energy obtained from the BF fitting displays a tendency to increase
from 0.2 to 0.4 meV as the film thickness increases. That Urbach
energy increase is likely associated to the structural disorder, which
is in turn associated with the size effect. The latter leads to a
broader absorption tail in the absorption spectrum, which results
in a higher Urbach energy. Regarding the free carrier density (N)
and carrier mobility (μ), both can be determined from the
strength (ωp) and damping (ωτ) frequencies via the relations
ωp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ne2ϵ0m*

p
and ωτ ¼ e=μm*,25 where ϵ0 is the permittivity of

free space, m* is the effective mass of the carriers (0.8me),
30 and e

is the electron charge. As shown in the upper panel of Fig. 6(d),
the charge carrier density (N) values are in the range of 2� 1021 to
4� 1021 cm�3, which are in the region of the expected values
reported in the literature.3 The effective mass of the holes can
be estimated from the m* ¼ Ne2=ω2

pϵ0 relationship, utilizing the
experimentally N ( obtained from Hall effect measurements).
This analysis yields an effective mass value of 0:45+ 0:08me.
Notably, this value is lower than the one reported in Ref. 30.
The discrepancy could potentially be attributed to various factors.
For instance, N is in the order of 1021 cm�3, suggesting that the
parabolic band approximation might not be longer valid.
Additionally, intrinsic defects, low dimensions of the crystallites,
and lattice strain can change the electronic band structure, modify-
ing the curvature of bands near the edges. Meanwhile, as shown in
the lower panel of Fig. 6(d), the assessed mobility (μ) displays
values in the range of 2–3 cm2/V s, in good agreement with the
2 cm2/V s reported in Ref. 31.

4. DC electrical properties

To assess the electrical transport properties of the Cu2S poly-
crystalline film, the Van der Pauw configuration was used to evalu-
ate sheet resistance (SR) and charger carrier concentration (N), at
room temperature. Figure 7(a) shows the sheet resistance (SR) as a
function of the film thickness (t), as obtained from both the XRD
and transmittance data analyses. As expected, the sheet resistance
decreases from �60 to �10Ω= while increasing the film thickness.
Meanwhile, the resistivity of the Cu2S film shows values in the
range of �0:79� 10�3 to �1:90� 10�3Ω cm, which are in good
agreement with those reported in the literature (�0:14� 10�3 to
�3:0� 10�3Ω cm).32 The Hall effect was used to estimate the
carrier charge concentration. In this regard, ohmic contact for the
metal/semiconductor (indium/copper sulfide) contact interface was
achieved; the metal presenting a work function of fIn ¼ 4:12 eV,

which is lower than the work function of the semiconductor
sample (Cu2S) (fCu2S ¼ 4:82 eV). Figure 7(b) displays the differ-
ence between the voltage measured with an applied magnetic field
of H ¼ 0:515 T and the voltage measured with H ¼ 0 T,
(V0:5T

H –V0:0T
H ) as a function of the current (I), from which the

Hall resistance (RH) was extracted. As it is displayed in Fig. 7(b),
the linear behavior evidences the achieved ohmic contact
metal/semiconductor, whereas the positive sign reveals a p-type
semiconductor. The values of N are in the range of
0:92� 1021–1:65� 1021 cm�3, with no clear tendency with the
film thickness [see Fig. 6(d)], but in very good agreement with the
values reported in the literature.3,33

FIG. 7. Sheet resistance (SR) as a function of the thickness (t) obtained from
both the XRD (solid green squares) and from the transmittance (solid red
circles) data analyses. Dashed green and red lines are only a guide to the eyes.
In the inset of (a) is displayed the SR as a function of x. (b) The Hall voltage
measurement in a magnetic field and with no magnetic field (V0:5T

H –V0:0T
H ) as a

function of the applied current, I. The solid red line represents the linear fit per-
formed in order to extract the Hall resistance.
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5. AC electrical properties

In order to perform AC electrical characterization of the Cu2S
polycrystalline film, the real (Z0) and imaginary (Z00) impedances
were recorded at room temperature. The recorded data are expected
to reveal the underlying physical processes governing the behavior
of the Cu2S film, such as charge carrier trapping and recombina-
tion, interface effects, and the impact of defects or impurities on
device performance. This understanding can guide the design and
engineering of better devices. Figure 8(a) shows the total imped-
ance jZj ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Z02 þ Z002p
as a function of the operating frequency for

the Cu2S film at different x, from x ¼ �5 mm to x ¼ �55 mm. A
nearly flat behavior is observed in the frequency range from 20 Hz
to 0.1 MHz, suggesting the presence of an inductive component.
All curves shown in Fig. 8(a) were fitted in order to obtain the total
AC impedance response, being well modeled with a parallel-
resistor–inductor in series with a parallel-resistor–capacitor circuit
(RL–RC circuit), as schematically shown in the inset of Fig. 8(b).
Herein, the impedance of the RL parallel branch is given by
ZRL ¼ 1=(Rþ jωL). Meanwhile, the impedance of the RC parallel
branch is given by ZRC ¼ 1R=(Rþ jωRC). The total impedance of
this circuit is the sum of these two impedances connected in series,
i.e., Z ¼ ZRL þ ZRC . The total inductive response was modeled
using the EIS (Electrochemical Impedance Software) analyzer
program.34 A typical fit is shown in Fig. 8(b) for the Cu2S film at
x ¼ �25 mm. The inductance (L) and capacitance (C) obtained
from the analyses show a dependence on the film thickness as
shown in Fig. 8(c). It is observed that both parameters rise as the
film thickness decreases. This behavior can be attributed to the spe-
cific properties and geometry of the films. The capacitance increase
must be related to a closing of the load store in the thinner films.
Concerning the inductance, a decrease in the film thickness may
result in a more tightly coiled electrical circuit. Because inductance
is proportional to the number of turns and the cross-sectional area,
increasing the number of turns within a thinner film can increase
the inductance. In addition, as shown in the inset of Fig. 8(c), the
trend of R1 with the film thickness shows the same trend deter-
mined for the sheet resistance, suggesting the validity of the model.
Meanwhile, the resistor parallel to the inductance component (R2)
displays values between 29 and 50Ω, with no clear tendency with
the film thickness.

IV. CONCLUSIONS

In conclusion, in this study, copper sulfide thin films on boro-
silicate glass were grown by the DC magnetron sputtering method.
Results revealed the formation of only hexagonal Cu2S phase for all
films. A strong dependence of unit cell volume, mean crystallite
size, and film thicknesses on the substrate position was determined.
This correlation is attributed to the observed thickness gradient,
with the substrate positioned farther toward the center showing a
significant impact on these parameters. The film’s thickness as a
function of the substrate’s center point (x) was successfully and
consistently determined via x-ray diffraction and optical transmit-
tance data analyses. While x-ray diffraction is not commonly
employed for thickness determination, the innovative approach
presented in this study proves to be valuable in precisely assessing
the film thickness. Those results were corroborated via cross-

FIG. 8. (a) Total impedance jZj vs frequency (from 20 Hz to 1 M Hz) for the
Cu2S polycrystalline film at different x from �5 to �55 mm. (b) Typical fit of the
jZj vs frequency curve corresponding to x ¼ �25 mm using the RL–RC equiv-
alent circuit. Symbols are experimental values and the solid red line is the best
fit. (c) Inductance (solid black balls) and capacitance (solid yellow squares) of
the RL–RC equivalent circuit obtained from the analyses. The dashed red line is
a guide to the eyes. The inset displays the R1 vs x. The solid black squares are
experimental values whereas the solid black line is a guide to the eyes.
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sectional scanning electron microscopy images. In addition, the
transmittance approach to assess the film’s thickness was also
employed via refractive index (n) and the extinction coefficient (k),
which increases and decreases with the film thickness, respectively.
These findings were associated with the compressive strain effect,
which is stronger for thinner films due to the shrinking of the unit
cell volume as the film thickness decreases. Electrical resistivity
(�0:79� 10�3– �1:90� 10�3Ω cm) and charge carrier concentra-
tions (N) �0:92� 1021–1:65�21 cm�3 were determined for the
as-grown Cu2S film. The N values derived from the Hall effect
were cross-validated through optical measurements employing the
Drude model. Remarkably, these values exhibited a robust consis-
tency, reinforcing the reliability of our findings. The equivalent
RL–RC circuit proposed to model the total impedance as a function
of the frequency allows one to extract the key electrical properties
of the film, showing that the as-grown Cu2S films can be used for
electronic applications. The results suggest that the as-grown Cu2S
films exhibit promising optoelectrical characteristics, making them
suitable for electronic applications. Overall, this research provides
valuable insights into the controlled growth and electrical proper-
ties of copper sulfide thin films, paving the way for their potential
applications in optoelectronic devices.
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