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In this study, physical properties of copper sulfide thin films deposited on glass substrates by spray pyrolysis method at
different temperatures (260 °C, 285 °C and 310 °C) were investigated. The influence of annealing time on the physical properties
of grown layers was also studied. According to FESEM images, the sizes of the compact copper sulfide grains were varied from
about 100 nm to 60 nm. Hall effect and resistivity measurements confirmed that all samples had p-type conductivity. The XRD
patterns showed that, together with the dominant digenite phase (Cu1.8S) in all samples, the copper-rich phases also appeared
as a result of increasing substrate temperature. The optical UV-Vis spectra analysis showed that due to increasing the substrate
temperature, the band gap of the layers was reduced from about 2.4 eV to 2.0 eV. We found that as a result of annealing at
400 °C for 1.5 h in Ar atmosphere, the sample which was initially grown at 310 °C with the highest copper content, totally
transformed into the polycrystalline monoclinic chalcocite phase (Cu2S) with 3D nanoporous architecture.
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1. Introduction

Thin layers of copper sulfide (CuxS, 1 6 x 6 2),
due to their special optical and electrical properties,
have received much attention, as one of chalco-
genide semiconductors, in many applications such
as thermoelectric cooling materials [1], sunlight-
absorbing layers [2–7], electro-conductive coat-
ings [8] and chemical sensors [9]. These prop-
erties are often dependent on the type of struc-
ture and stoichiometry of the chemical composi-
tion. The copper-poor phase (CuS) shows a metal-
lic conductivity, and the copper-rich phase (Cu2S)
is typical of more resistive layers. For exam-
ple, in CuxS compositions the resistivity of layers
ranges from 10 Ω·cm to 10−4 Ω·cm for x = 2 to
x = 1 [10]. Also a direct band gap of 1.25 eV to
3.2 eV has been reported for samples with differ-
ent phases and compositions prepared by different
techniques under different conditions [2, 11, 12,
14–16]. Thin layers of copper sulfide contain five
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stable phases at room temperature including: cov-
ellite (CuS), analite (Cu1.75S), digenite (Cu1.8S),
djurleite (Cu1.95S) and chalcocite (Cu2S) [17–23].
The formation of each of these crystalline phases
depends on different parameters such as deposition
temperature, chemical composition of the materi-
als, growth method, etc.

For the deposition of thin CuS layers, various
physical and chemical methods, including chemi-
cal bath deposition (CBD) [2, 15, 24–26], vacuum
evaporation [27], successive ionic layer adsorption
and reaction (SILAR) [18, 28] and spray pyrolysis
deposition [6, 11, 16, 29–32] have been used. These
different methods mainly affect the morphology of
copper sulfide samples. For example, samples with
flower-like [18], nanowire [33] and star-like [34]
morphologies have been prepared by various syn-
thesis methods. Among those, most copper sulfide
nanostructures prepared by spray pyrolysis tech-
nique have a relatively uniform surface with spher-
ical nanoparticles [6, 11, 16, 30].

In this study, copper sulfide samples were de-
posited on glass substrates by spray pyrolysis
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technique at various temperatures. The effect of an-
nealing time on the copper-rich sample was also
investigated.

2. Experimental

To prepare thin layers of copper sulfide by spray
pyrolysis technique, 100 mL aqueous solution con-
taining 0.06 M copper acetate Cu(CH3COO)2·H2O
(99.9 % Merck) and 0.05 M thiourea CS(NH2)2
(99.9 % Merck) was prepared. The solution was de-
posited on glass substrates at different temperatures
of 260 °C, 285 °C and 310 °C and the samples were
designated as T1, T2 and T3, respectively. Before
deposition, the substrates were cleaned with boil-
ing distilled water and then degreased with acetone
and ethanol solution in an ultrasonic device. Other
deposition parameters including the pressure of the
carrier gas, hot plate rotation speed and nozzle-to-
substrate distance, were fixed at: 250 kPa, 30 rpm
and 33 cm, respectively [11, 16, 31, 35].

The surface morphology of the samples was
studied using a Mira 3-XMU field emission scan-
ning electron microscopy (FESEM). For structural
characterization of the samples X-ray diffraction
(XRD) D8 Advance Bruker system with CuKα ra-
diation λ = 1.5405 Å was used in the 2θ range
of 10° to 70°. To investigate the optical proper-
ties, the absorbance and transmittance spectra of
the samples were recorded on a UV-Vis-Shimadzu-
1800 spectrophotometer in the wavelength range
of 300 nm to 1100 nm. Finally, the majority car-
rier type, their density and mobility, could be de-
termined by Hall effect, in van der Pauw configu-
ration, and resistivity measurements.

3. Results and discussion

3.1. The effect of substrate temperature

3.1.1. Surface morphology

Fig. 1 shows the FESEM images of samples
prepared on glass substrates at different temper-
atures. As seen, the size of CuS grains in T1
is about 100 nm. With increasing the substrate

temperature, the grains were isolated and gradually
tended to smaller porous grains of 80 nm and 60
nm on the surface of T2 and T3, respectively.

3.1.2. Structural properties
Fig. 2 shows the XRD patterns of the grown

copper sulfide layers. As it is apparent, the sam-
ple prepared at substrate temperature of 260 °C
T1 contains several phases with the dominant dig-
enite phase (Cu1.8S), (JCPDS Card No. 23-0962)
together with the copper-poor phase, CuS (JCPDS
Card No. 03-0724). With increasing the substrate
temperature this extra phase in T2 is disappear-
ing and the layer has only digenite phase with
the preferred orientation along (1 1 0). Interest-
ingly, with increasing the substrate temperature up
to 310 °C T3, in addition to the digenite phase,
again an extra copper-rich djurleite phase (Cu1.96S)
has appeared.

According to these data, with increasing the
substrate temperature the copper-rich phase ap-
pears. Due to the fact that the digenite phase is
the dominant phase in all three samples and the
peak related to (1 1 0) plane could be considered
as the preferred direction, the corresponding data
were used to calculate the average crystallite size
D, using Scherrer formula [9, 36, 37]:

D =
0.9λ

β cosθ
(1)

where λ is the wavelength of the X-ray beam,
β is the full width at half-maximum (FWHM, in
radians) and θ is the Bragg angle of the diffraction
peak. Also the dislocation density and the induced
crystal strain of the samples were calculated using
equation 2 and equation 3, respectively [38, 39]:

δ =
1

D2 (2)

ε =
β

4 tanθ
(3)

The final results are shown in Table 1.

3.1.3. Electrical properties
To evaluate the majority carrier type, the

density and mobility, Hall effect and resistivity
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(a) (b) (c)

Fig. 1. The FESEM images of the samples prepared at different substrate temperatures (a) 260 °C, (b) 285 °C and
(c) 310 °C.

Table 1. Average crystallite size, induced crystal strain, dislocation density and direct band gap in the studied
samples.

Sample D [nm] ε (10−3) δ×10−4 [nm−2] Eg [eV]

T1 18.75 6.6 28.44 2.41
T2 17.72 6.2 31.84 2.30
T3 11.37 9.0 77.35 2.01
T3a-1.0 21.83 5.3 20.98 1.94
T3a-1.5 24.07 4.9 17.26 1.23

measurements were carried out at room tempera-
ture. Majority carrier concentration (Nn,p) was ob-
tained using equation [40]:

Nn,p =
IB

|q|VH d
(4)

where I, B, q, VH and d are the current, mag-
netic field = 300 mT, electron charge, Hall volt-
age and film thickness, respectively. The sign of
Hall voltage indicates the type of majority carri-
ers, + for holes and − for electrons. Our measure-
ments showed all samples had p-type conductiv-
ity, which was in good agreement with other re-
ports [9, 10, 41]. According to the literature re-
ports, the origin of this conductivity in pure cop-
per sulfide layers is mainly due to the presence
of copper vacancies VCu in the crystal lattice,
acting as acceptor-like states in the band gap of
the material [6, 42]. Fig. 3 shows the evaluated
hole density p, hole mobility µ and resistivity ρ

of the samples. According to these data, although
the carrier mobility has not significantly changed
(in the range of 40 cm2/V·s to 100 cm2/V·s), the
hole density, especially in T3 decreased signifi-
cantly and changed from ∼1 × 1021 cm−3 in T1
and T2, to about 3 × 1018 cm−3 in T3 (almost
three orders of magnitude lower). This huge change
in carrier density can be due to the increment of
copper atoms in the crystal lattice of this sam-
ple T3 leading to the formation of djurleite phase
(Cu1.96S), as compared to other two samples.

3.1.4. Optical properties

Fig. 4 shows the transmittance and absorbance
spectra of the samples, respectively. As seen, the
transmittance spectra follow a Gaussian-like shape
with maximum values of about 5 % to 6 %, which
could be due to the presence of porosity [43] in
the grown samples, shown in Fig. 1. In addition,
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Fig. 2. The X-ray spectra of the studied thin films with
the dominant digenite phase (Cu1.8S). As it is
shown extra phases appear at different substrate
temperatures.

Fig. 3. The variations of resistivity ρ, hole density p and
hole mobility µ in the samples.

the low transmittance of the samples could be
attributed to the relatively high thickness (about
300 nm), small crystallite size and high crystalline
strain of the layers (Table 1). All these factors
may tend to increase the scattering of the pho-
tons within the deposited films. In addition, two
falling trends are also present in the transmittance
spectra of the layers. As expected, reduction in
the transmittance spectra in short wavelengths re-
gion (high photon energies) could be mainly influ-
enced by the absorption of photons due to electron-
hole excitation between the levels within the band
gap and/or the inter-band excitations. On the other
hand, reduction in the transmittance spectra in
long wavelengths region (low photon energies)
could be related to the free carrier absorption and

the occurrence of plasma oscillations. According
to the relevant theory, with decreasing the car-
rier density the characteristic quantity of this phe-
nomenon, i.e. the plasma wavelength λp extends
towards longer wavelengths. This is clearly evi-
dent in the transmittance spectrum of T3. These re-
sults are also consistent with incremental variations
in the absorbance spectra in long and short wave-
lengths regions, as shown in Fig. 4b.

(a)

(b)

Fig. 4. The optical (a) transmittance and (b) absorbance
spectra obtained from the as-deposited samples.

The direct band gap Eg of the samples can be
calculated using the absorbance (Fig. 4b) spectra
of the layers and the Beer-Lambert theory [6]:

(ahν)2 = A(hν−Eg) (5)
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where A is a constant. It can be found by plotting
(ahν)2 versus hν and extrapolating the straight por-
tion to the energy axis, i.e. (ahν)2 = 0, (Fig. 5). As
seen, with increasing the substrate temperature, the
band gap of the sample T1 decreases from 2.41 eV
to 2.30 eV in T2, and finally to 2.01 eV in T3. The
reduction in the band gap can be due to the for-
mation of new crystalline phases in these layers,
as confirmed by the XRD patterns. According to
the literature reports [2, 28], the direct band gap of
copper sulfide in its copper-rich phases (Cu1.8−2S)
is smaller than in its copper-poor phases (Cu1−1.8S)
that is consistent with our results.

Fig. 5. Estimation of direct band gap of the samples
T1, T2 and T3 based on absorption spectra and
equation 5.

3.2. The effect of annealing time on
copper-rich copper sulfide sample

Considering the formation and appearance of
new crystalline phases with increasing substrate
temperature, the effect of annealing on T3 sample,
containing copper-rich phase (Cu1.9S), was chosen
to provide favorable conditions to improve its phys-
ical properties towards higher copper-rich phases,
i.e. Cu2S. For this purpose, the sample was an-
nealed at 400 °C in the presence of argon flow in
two conditions: 1 h (T3-a1.0) and 1.5 h (T3-a1.5)
and the physical properties of these samples have
been studied.

3.2.1. Surface morphology
Fig. 6 shows the surface morphology of T3, be-

fore and after annealing. Clearly, with increasing

annealing time the surface grains became finer and
their sizes were reduced from about 50 nm to 30 nm
and the porosity increased as the annealing time
was increased from 1 h to 1.5 h. Such a porous
nanostructure is highly attractive in designing gas
sensors [9, 44] or catalysis [45] because porous
structure is clearly far more favorable for the diffu-
sion of gas molecules in gas sensors. On the other
hand, the high porosity improves the catalytic per-
formance of the nanostructure because of rapid dif-
fusion of reactants and better accessibility of the
reactants to the active sites.

3.2.2. Structural properties
Fig. 7 shows the effect of annealing on the XRD

pattern of sample T3. As seen, the crystallinity of
the digenite phase in T3-a1.0 (Cu1.8S) was im-
proved and some peaks related to the djurleite
phase (Cu1.96S) started to appear. Interestingly,
these changes continued with increasing the an-
nealing time to 1.5 h (sample T3-a1.5) so that
the digenite and djurleite phases were completely
removed and only the single-phase monoclinic
polycrystalline chalcocite (Cu2S, JCPDS Card No.
33-0490) has appeared. With regards to the increas-
ing porosity of the samples (Fig. 6), it seems that
copper-rich phase (Cu2S) appeared due to the evap-
oration of sulfur in sample T3-a1.5, which is in
good agreement with the results of XRD patterns.

The average size of crystallites in the an-
nealed samples was calculated using the Scher-
rer formula (Table 1), and the results show
their sizes increased. The changes in the crys-
tallite size with increasing the copper-rich phase
in the sample can affect the electrical and optical
properties of the layer as it is discussed in the fol-
lowing section.

3.2.3. Electrical properties
The effects of annealing time on the electrical

properties of the samples were evaluated by
Hall effect and resistivity measurements. Fig. 8
shows hole density, hole mobility and resistivity
of the samples before and after annealing. As
expected, with increasing the average crystallite
size after annealing the hole mobility has in-
creased (about 1.5 times and 2 times, respectively).
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(a) (b) (c)

Fig. 6. The surface morphology of T3 (a) before annealing, after annealing (b) for 1 h and (c) 1.5 h.

Fig. 7. The XRD patterns of sample T3, before and after
annealing for 1 h and 1.5 h.

Fig. 8. The variations in electrical resistance, hole den-
sity and mobility in T3 before and after anneal-
ing for 1h and 1.5 h.

Meanwhile, with increasing the copper-rich
phase in the annealed samples the hole den-
sity has decreased from ∼3 × 1018 cm−3 in
T3 to ∼6 × 1017 cm−3 in T3-a1.0 and then to
∼4 × 1017 cm−3 in T3-a1.5 sample.

These results are consistent with gradual de-
crease in the density of acceptor-like states origi-
nating from VCu in the lattice, tending towards the
growth of copper rich layers, i.e. Cu2S phase.

3.2.4. Optical properties

Fig. 9 shows the transmission and absorbance
spectra of T3 before and after annealing. As
seen, with decreasing the hole density of the an-
nealed samples, light absorption by free carriers
in the long wavelength region has decreased and
thus transmission through the layers has increased,
which is a confirmation for the free carrier absorp-
tion by plasma oscillation effect.

The band gap of each annealed sample was also
calculated using equation 5. The results are shown
in Fig. 10. As shown, the direct band gap of the
sample decreased from 2.01 eV to 1.94 eV and then
to 1.23 eV with increasing the annealing time. The
value obtained for the sample T3-a1.5 is consistent
with the results of other researchers who reported
the band gap of 1.25 eV to 2.53 eV for chalcocite
copper sulfide [13, 18, 25].
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(a)

(b)

Fig. 9. The optical (a) transmittance and (b) absorbance
spectra of T3 before and after annealing for 1h
and 1.5 h.

4. Conclusions

In this research, nanostructures of thin layers of
copper sulfide (CuxS, x = 1 to 2) were deposited
on glass substrates by spray pyrolysis technique at
various substrate temperatures of 260 °C, 285 °C
and 310 °C and their conversion to copper-rich
phases (Cu1.96S and Cu2S) by annealing in an ar-
gon atmosphere was studied. The surface morphol-
ogy of the layers indicated that with increasing the
substrate temperature, the grain sizes became finer
and gradually changed from 100 nm to less than
50 nm. X-ray diffraction patterns of the samples
indicated the formation of the dominant digenite
phase. We found that samples tended to grow with

Fig. 10. Estimation of band gap of the samples T3 ,
T3-a1.0 and T3-a1.5 based on absorption spec-
tra and equation 5.

the copper-rich djurleite phase together with a sig-
nificant reduction in the hole density (about 3 or-
ders of magnitude) by increasing the growth tem-
perature. In addition, the band gap was decreased
from ∼2.4 eV to 2 eV. Annealing the sample
grown at 310 °C at the temperature of 400 °C for
1.5 h, transformed it into polycrystalline mono-
clinic chalcocite (Cu2S) phase and increased the
sample porosity.
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