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Abstract. The thermal oxidation of CuS powder was examined under flow of nitrogen and dry air using thermogravimetry/differential thermal analysis. After 473 K, the oxidation of CuS occurred as a weight loss and accompanied
with two overlapped exothermic peaks. The melting temperature delayed due to the formation of oxide and sulphate on
the surface of the particles. X-ray diffraction revealed that the as-prepared thin films are mixed phases of hexagonal CuS,
orthorhombic Cu2S and orthorhombic CuSO4. After annealing at 573 or 773 K, the films oxidized and new orthorhombic
Cu8O phase appeared, and its intensity became dominant upon increasing the temperature and time. Nanoparticles
morphology was observed for as-prepared films and upon annealing the nanoparticle became more rounded and bigger.
The transmittance of the as-prepared films was almost zero over the entire measured range and it increased with increase
in the annealing temperature and time, whereas the reflectance decreased. Both refractive and extinction coefficient values
decreased with increase in annealing temperature and annealing time, while the bandgap virtually increased. The resistivity of the as-prepared film remained nearly constant until 543 K. Above 543 K the resistivity increased sharply.
Negative and positive temperature coefficients in resistivity phenomena were explored in the annealed films and they were
strongly dependent on both annealing temperature and time.
Keywords.

1.

CuS; TGA/DTA; thermal annealing; XRD; optical properties; electrical properties.

Introduction

Metal sulphides and especially CuS have attracted a substantial concern of researchers due to their fascinating morphological, optical, electrical, thermal and photocatalytic
properties [1–5]. Hence, CuS has found potential applications
in various areas, such as gas sensors, solar energy conversion,
electrochemical cells, supercapacitors, photocatalysis, IR
detectors and dual diagnostic and therapeutic applications
[2–6]. Many preparation methods have been used to synthesize CuS films with various morphologies, such as tubular,
wires, rod-like, strip type, needle and spheres [6–8]. Thermal
evaporation is among these methods [9–12]. In thermal
evaporation CuS decomposes thermally, then reformed on
the deposition substrates. However, after thermal decomposition, diverse copper sulphides (such as Cu2S, Cu1.7S),
copper sulphates (such as CuSO4, Cu2SO4) and/or copper
oxysulphates (CuOCuSO4) can be formed depending on the
evaporation conditions [9–12]. The obtained composite films
have variance in their physical properties. On the other hand,
post thermal annealing provided important paths to CuS and
Cu2S films due to their fascinating thermal oxidation

processes, which resulted in the formation of new phases that
have new physical and chemical properties [10,12].
The changes in CuS and Cu2S thin films due to annealing alter
their use as gas sensors and in solar energy conversion due to the
loss of sulphur, morphology transformation and oxidation
[2,10,12]. Therefore, in this study we present the higher temperature range of annealing, in which oxidation appears and
alters the properties of the mixed CuS and Cu2S films. The
thermal analysis of the as-purchased CuS was examined in order
to understand the behaviour of its oxidation. The compositional,
structural, optical and electrical properties changes associated
with annealing were investigated. The positive and negative
temperature coefficients of resistivity (PTCR and NTCR) were
discovered, in the annealed films, and briefly discussed.

2.
2.1

Experimental
Thermal gravimetric analysis

Approximately 20.2 mg copper (II) sulphide (CuS) powder
(Sigma-Aldrich, 99.99% purity, melting point 443 K) was
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weighed, charged in a platinum pan and used to measure the
change in weight during heating from room temperature to
1273 K. Shemadzu model DTG-60/60H thermo-gravimetric
analyzer was employed to record the thermogravimetric
analysis/differential thermal analysis (TGA/DTA) curves.
The measurements were achieved both in nitrogen and in air
atmosphere with flow rate of 40 ml min–1. The nitrogen
purity is better than 99%. The measurements were achieved
with a heating rate of 10 K min–1.

2.2

Thin films preparation

Tablets of CuS powder was obtained via cold pressing.
Then, the films were deposited using thermal evaporation
through Edwards AUTO 306 higher vacuum coater, which
has a base pressure of 5 9 10-6 torr. The base pressure
reduced to 7.8 9 10-5 torr throughout evaporation. The
evaporation was carried out on well washed Si(100) and
glass substrates and without substrate heating. The evaporation rate was 0.6 nm s–1. The film thickness was adjusted
by digital thickness monitor, model SQM-160 INFICON,
and confirmed by profilometer model form Talysurf 50
profilometer to be 734 nm.
The effect of thermal annealing on nanostructured films
was studied at annealing temperatures of 573 and 773 K,
and for annealing times of 2, 4 and 6 h. The annealing was

Figure 1.

(a) TGA and (b) DTA curves of CuS powder.
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done in tube furnace under Ar flow of 250 sccm. The furnace was cooled to room temperature after each annealing
time.

2.3

Film characterizations

The morphology of the as-evaporated and annealed thin
films was examined by field emission scanning electron
microscope, FE-SEM (model Quanta 250 FEG). The atomic
percentages of the elements were obtained by energy dispersive analyses of X-ray (EDAX). The EDAX unit is
involved in the FE-SEM equipment.
The phase analysis and crystal structure were investigated by X-ray diffraction (XRD). The diffractometer
model was Shimadzu XRD 6000 (Japan), which uses CuKa1 radiation of wavelength k = 1.54056 Å. The scans
were h–2h scan and were achieved in the range from 10 to
90°. A UV–Vis–NIR double beam spectrophotometer
(model JASCO V 570) were utilized to measure reflectance
(R) transmittance (T) of as-prepared and annealed films. The
electrical resistance of the as-prepared and annealed thin
films was estimated by the two-electrode technique. The
silver paste was placed on both sides of the film to make

Figure 2. XRD patterns of as-prepared and annealed copper
sulphide films at 573 K.
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Figure 3. XRD patterns of as-prepared and annealed copper
sulphide films at 773 K.

electrodes so that the distance between the electrodes was
3 mm. The films were located in a controllable furnace and
the resistance was estimated in the temperature range
303–573 K. Fourier transformation infrared (FTIR) spectra
(4000–400 cm-1) were obtained in the attenuated total
reflection (ATR) mode using Bruker IFS-125 FT-IR
spectrophotometer.

3.

Results and discussion

Figure 1 shows the simultaneous TGA/DTA curves. Since
the CuS sample is pure and does not have moisture, a small
gradual mass gain is observed between RT and 473 K due
to absorption of moisture (as seen from the inset of figure 1a). Between 473 and 703 K for sample in N2 (and
between 473 and 685 K for sample in air), a sharp weight
loss of 11.464% (11.947% in air) is observed. This weight
loss is accompanied with two overlapped exothermic peaks
in the DTA curves. The possible chemical reaction in this
temperature range can be described as follows:
2CuS þ O2 ! Cu2 S þ SO2

ð1Þ

Figure 4. Low and high magnifications of FE-SEM images of
the as-prepared films.

9
4Cu2 S þ O2 ! Cu8 O þ 4SO2
2
CuS þ 2O2 ! CuSO4

ð2Þ
ð3Þ

The loss of sulphur is responsible for the weight loss and the
formation of SO2, Cu8O and CuSO4 is responsible for the
exothermic peaks. After a temperature of 703 K in the case
of nitrogen (685 K in the case of air) there is a gradual
increase in weight and is accompanied by an exothermic
peak in the DTA curve. The weight gain continues up to
795 K in the case of nitrogen (up to 944 K in the case of
air). This weight gain is associated with further liberation of
SO2 and formation of Cu8O and CuSO4. It is thought that
the formation of Cu2O is followed by the oxidative
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Figure 5. Low and high magnifications of FE-SEM images of (a–c) annealed films at 573 K and (d–f) annealed
films at 773 K.
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Figure 6. EDAX spectra of the as-prepared and annealed films at
573 K for various times.

Table 1. Chemical composition of as-prepared and annealed films, room temperature resistance (Rroom) and optical bandgap (Eg) of
annealed films.
EA (eV)

Chemical composition at%
Sample
As-prepared
Annealed 573
Annealed 573
Annealed 573
Annealed 773
Annealed 773
Annealed 773

K,
K,
K,
K,
K,
K,

2
4
6
2
4
6

h
h
h
h
h
h

Cu

S

O

Eg (eV)

49.87
54.63
53.40
53.10
57.16
54.55
57.32

45.81
39.35
15.30
7.07
29.57
13.14
2.67

4.32
6.02
31.30
39.83
13.27
32.31
40.01

—
—
1.59
1.31
1.15
3.39
1.75

sulphation of some of Cu2O by the SO2 as the following
reaction [13].
3
Cu2 O þ 2SO2 þ O2 ! 2CuSO4
2

ð4Þ

After 795 K case of nitrogen (after 944 K in the case of air),
a weight loss is observed which is accompanied with an
endothermic peak. This endothermic peak is ascribed to the
melting of the material. Although the melting point of CuS
is 493 K, the formed oxide and sulphate on the surface of
the particles protect them from further reactions and alter
the melting temperature [14]. However, at higher temperature a solid-state reaction happens between CuSO4 and
Cu2S and yields a melt. This damages the oxide and sulphate coating and additional rapid oxidation of the
remaining Cu2S, CuSO4 and suboxides takes place. After
943 K for sample in nitrogen (1103 K sample in air) the
reactions slow, the TGA curve becomes almost constant and
the DTA curve returns near to the baseline.

Rroom (X)
3.80
8.95
1.19
3.97
4.82
2.11
4.56

9
9
9
9
9
9

101
103
109
102
107
109

EAH

EAL

0.816

0.155

0.944

0.267

3.1 Structural, chemical compositional
and morphological characteristics
Figure 2a–d presents XRD patterns of as-prepared and
annealed copper sulphide films at 573 K. The as-prepared
film (figure 2a) contains various crystalline peaks indicating
the polycrystalline nature of this film. The obtained peaks are
indexed to mixed crystalline phases. The peaks at 27.43° and
31.11° are due to reflection from hexagonal CuS (JCPDS
card no. 78-2121), the peaks at 23.49°, 28.86°, 45.88° and
47.41° are due to reflections from orthorhombic Cu2S
(JCPDS card no. 23-0961), while the peaks at 41.65°, 54.57°
and 72.07° are due to reflections from orthorhombic copper
sulphate (CuSO4) (JCPDS card no. 72-0090). Although the
source evaporated material is CuS, it is seen that the main
crystalline peak is related to reflection from (1 13 1) plane of
the orthorhombic Cu2S. During the process of CuS evaporation, from a heated tungsten boat, it breaks down to its
constituent elements sulphur and copper. These evaporated
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Figure 8. Transmittance (T%) and reflectance (R%) spectra for
films annealed at 573 K.
Figure 7.
samples.

FTIR analysis of the as-prepared and annealed

elements are deposited on the substrates and then fused
together to give copper sulphide film. The crystal structure
and stoichiometry of the deposited film thus depend mainly
on the way in which the constituents are deposited on the
substrate. It is known that sulphur atoms have a coefficient of
accommodation less than the coefficient of accommodation
of copper atoms on glass substrates [9], and it is possible that
some sulphur atoms evaporate from the substrates before
combining with copper. This will lead to the formation of
copper-rich Cu2S instead of CuS. In addition, it is possible
that residual oxygen or oxygen adsorbed on the substrates
reacts with copper and sulphur then forms CuSO4.
After annealing for 2 h at 573 K, the intensities of CuS
and Cu2S peaks are lowered, while the intensities of the
CuSO4 peaks are enhanced and the film start to oxidize by
the residual oxygen in the tubular furnace and the oxygen
impurities in argon. New crystalline peak at 38.58°
appeared, which indexed to the reflection from (004) plane
of orthorhombic Cu8O (JCPDS card no. 78-1588). Upon
increasing the annealing time to 4 h then 6 h, the peaks of
orthorhombic Cu8O became dominant with very small
contribution from CuSO4 phase.
The annealing behaviour at 773 K is presented at figure 3b. After annealing for 2 h, all the intensities are lowered

and no new peaks are observed. Upon annealing for 4 h then
6 h, most of the film transforms to Cu8O phase with small
contribution from CuSO4 phase. It has been reported that
most of the reactions of oxidation are controlled by diffusion
processes. Thus, the Cu8O formation may therefore happen
by a procedure where O atoms enter into the sulphur
vacancies or inter into copper sulphide interstitially. As the
diffusion is a very slow process at lower temperature, it is
difficult for crystal nuclei of Cu8O to grow into large crystals.
However, at higher annealing temperatures Cu8O crystal
nuclei can grow into large crystals easily.
Figure 4a and b shows low and high magnifications FESEM images of the as-prepared films. The films have small
elongated, homogeneous, dense and uniform particles. The
nanoparticles diameters are in the range 58–85 nm and the
lengths are in the range 120–191 nm. Annealing the films at
573 K for 2 to 6 h (figure 5a–c), the particles become more
rounded, bigger and some visible pores are appeared. The
films tend to smoothen at longer annealing time. These state
that the surface morphology of copper sulphide thin films is
sensitive to changes in chemical composition. Annealing at
773 K, for 2 h (figure 5d–f), leads to the appearance of large
size particles. As the time of annealing increases to 4 h and
then to 6 h, bigger grains with irregular shape are observed
which can be attributed to local melting and agglomeration
some grains.

Bull. Mater. Sci. (2021)44:81

Figure 9. Transmittance (T%) and reflectance (R%) spectra for
films annealed at 773 K.

EDAX analysis of the as-prepared and annealed films
was carried out to detect the change in composition after
annealing. Figure 6a–d shows the EDAX spectra of the asprepared and annealed films at 573 K. The evaluated atomic
percentage ratios are present in table 1. The EDAX spectrum of as-prepared CuS displays peaks for Cu, S, O, Au
and Si atoms. The Si and Au peaks originated from the Si
substrate and Au coating used for SEM sample preparation,
while the O peak is attributed to the possibly present
residual oxygen and water molecules in the evaporation
chamber. The S/Cu ratio is lower than one, indicating the
loss of some S atoms during evaporation. Annealing the
films leads to increase the O and decrease the S atomic
ratios, which confirm the oxidation of the films. It is noted
that even after thermal annealing at 773 K and for 6 h, there
is still a small amount of S found in the film which in
agreement with the XRD results.
FTIR analysis of the as-prepared and annealed samples
are shown in figure 7a–d. The as-prepared spectrum (figure 7a) shows a small band at 3710 cm–1, which is characteristic of H2O (OH) vibrational modes, indicating the
presence of trivial quantity of adsorbed water on the surface
of the as-prepared film. The small bands at 2658 cm–1 can
probably attribute, as Dixit et al [15] reported, to the
presence of Cu2S group. The two peaks at 2320 and 2119
cm–1 may be assigned to the bound Cu2S or CuS with OH
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Figure 10. ðahmÞ2 vs. hm for films annealed at (a) 573 and
(b) 773 K.

groups [16]. The peak at 1111 cm–1 is assigned to the
vibration modes of SO2 2 , which confirms the presence of
CuSO4 [13,17] and agrees with XRD identifications.
Although it has been reported that covellite CuS phase is IR
inactive [18], other works reported that the vibrational peak
at 528 cm–1 signifies the CuS group [19].
After annealing at 573 K for 6 h, all the Cu-S peaks are
weakened or disappeared and new strong bands at 1067,
946, 693, 585 and 480 cm–1 appear. All these bands are
ascribed to Cu–O bonds, indicating the formation of copper
oxides [20–22]. Increasing the annealing temperature to 773
K, new peaks at 1746 and 1364 cm–1 emerged, which are
related to new Cu–O bonds.

3.2

Optical properties

Figures 8a, b and 9a, b present the transmittance (T%) and
reflectance (R%) spectra for films annealed at 573 and 773
K, respectively. The transmittance of the as-prepared films
is almost zero over the entire measured range because of the
higher thickness (734 nm) of the films that have metallic
behaviour. Upon annealing for 2 h at 573 K, the transmittance remains close to zero while the reflectance decreased
strongly due to the formation of copper suboxide, which has
high absorption. Increasing the annealing time to 4 h then to
6 h leads to increase in the transmittance with more shift to
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Figure 11. Change of refractive index (n) with wavelength for
annealed samples at (a) 573 and (b) 773 K.

Figure 12. Change of extinction coefficient (k) with wavelength
for annealed samples at (a) 573 and (b) 773 K.

blue light region and the reflectance decreases. The films
annealed at 773 K behave almost the same with more
increase in transmittance, more decrease in reflectance and
severe shift to the blue light region.
Tauc relation was used to calculate the optical bandgap
(Eg) of the annealed films:

ð5Þ
ðahmÞ2 ¼ b hm  Eg :

The variations of extinction coefficient (k), for the
annealed films at 573 K (for 2 and 6 h) and at 773 K (for 2,
4 and 6 h), are illustrated in figure 12a and b, respectively.
In addition, there is an overall decrease of extinction
coefficient values with increase in either the annealing
temperature or time. This designates that the absorbing
centres and defects are decreased by the annealing accompanied by the formation of new compound materials containing Cu, O and S.

Here b is a constant, a the absorption coefficient and hm the
photon energy. By extrapolating the linear part of ðahmÞ2 vs.
hm, to intercept with photon energy axis as shown in figure 10, Eg can be calculated. The calculated values are
presented in table 1. Apart from the value obtained for film
annealed at 773 K for 4 h, the obtained values are among
those obtained previously for thermally annealed Cu2S films
[23,24]. The Eg value (3.39 eV) obtained for the film
annealed at 773 K for 4 h is close to the value (3.35 eV)
reported for Cu2S film annealed at 823 K for 4 h [10].
Figure 11a and b illustrates the change in refractive
index (n) for annealed samples at 573 K (for 2 and 6 h)
and at 773 K (for 2, 4 and 6 h), respectively. It is observed
that as the time and temperature of annealing increase the
refractive index values decrease. This is due to the oxidation, which is accompanied by chemical composition
change and texture degradation, and to increase in pores
and voids [10,25].

3.3

Electrical properties

The variations of electrical resistivity (q) with absolute
temperature (T) for the as-prepared and annealed films at
573 and 773 K are shown in figures 13a–d and 14a–d,
respectively. The resistivity of the as-prepared film (figure 13a) remains nearly constant until 543 K. Above 543 K
the resistivity increases sharply. This refers to that the asprepared film acts as metallic materials. The sharp increase
above 543 K may be attributed to the oxidation of the film
surface [7,10,12]. The film annealed at 573 K for 2 h
behaves as a semiconductor between room temperature and
373 K (i.e., NTCR), where the resistivity decreases with
increase in temperature. Above 373 K the resistivity
increases sharply indicating the metallic behaviour and this
exists up to 463 K, then it behaves as a semiconductor
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Figure 13. The variations of electrical resistivity (q) with
absolute temperature (T) for the as-prepared and annealed films
at 573 K.

again. The increase in resistivity at certain temperature is
known as PTCR effect. The semiconductor–metallic-semiconductor switching phenomenon has been previously
observed for copper sulphide nanoparticles prepared using
solvothermal and precipitation methods [26]. In addition, it
has been reported in another materials such as carbon
nanotubes/polyester composites [27], (Ba,Ca)TiO3 ceramics
[28] and ZnO–NiO composite system [29]. As the annealing
time increases to 4 h, the film behaves somewhat differently, where the film behaves as a metallic in the range
303–343 K, then it behaves as a semiconductor. Increasing
the annealing time to 6 h, the film behaves as a semiconductor over the entire temperature range. The resistivity
decreases drastically from 9.7 9 105 X cm to 1.5 9
104 X cm with increasing the temperature from 303 to 418 K.
Above 418 K, the resistivity decreases slowly (see the inset in
figure 13d). This can be explained as follows. As the temperature of the film is increased, the valence band electrons
gain sufficient thermal energy and jump to the conduction
band, thus, lowering resistivity. This drastic decrease in
resistivity with increasing temperature has been observed in
other composite thin films [30,31]. Similar behaviours are
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Figure 14. The variations of electrical resistivity (q) with
absolute temperature (T) for the as-prepared and annealed films
at 773 K.

observed for the films annealed at 773 K. However, the
observed features happened at higher temperatures for films
annealed at 773 K. Comparing figure 13d with figure 14d, the
resistivity of the film annealed at 773 K for 6 h requires higher
temperature to attain low resistivity values, which can be
attributed to the presence of higher Cu8O portion and lower
copper sulphate portion, i.e., more oxidation achieved, as
revealed by XRD and EDAX analyses.
The appearance of PTCR in the films annealed at 573 and
773 K for 2 and 4 h can be attributed to the presence of
different phases with different electrical resistivities, grain
sizes and linear thermal expansion (LTEs), which respond to
the change in temperature with different ways. As reported
by Drofenik et al [29], the PTCR effect of the multiphase
composite films is controlled by the different LTEs of the
constituent phases, which are affected by the content of each
phase that has different grain sizes.
The activation energy (EA) of thermally activated conduction was evaluated for the films annealed at 573 and 773
K for 6 h by the Arrhenius equation:


EA
rðT Þ ¼ ro exp 
ð6Þ
kB T
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Annealing the nanoparticle films led to more rounded and
bigger particles with the appearance of some visible pores.
The as-prepared films were found to be metallic with zero
transmittance over the entire studied spectral range. As the
temperature and time of annealing increased, the transmittance and the optical bandgap increased while the overall
reflectance, refractive index and extinction coefficient
decreased. NTCR and PTCR phenomena were explored in
the annealed films and they were strongly dependent on
both annealing temperature and time. The annealed films
may find applications in PTCR electrical devices.
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