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Cu.S/CdS:Zn heterojunction synthetized by chemical
bath deposition for photovoltaic application
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Copper sulfide (Cu2S) thin film was deposited on zinc-doped cadmium sulfide (CdS:Zn) entirely produced by chemical bath
deposition technique onto transparent indium tin oxide (ITO) coating substrates, using gold as a back contact. Before this,
the structural, morphological, and optical properties of undoped and 4 wt% Zn-doped CdS thin fiims have been
investigated. The X-ray diffraction spectra showed that the CdS thin films are polycrystalline nature with preferred growth
along (111) orientation and the incorporation of Zn does not change qualitatively the crystalline phase of CdS. Scanning
electron microscopy measurements indicated that deposited films are homogeneous. Optical transmittance of the film
showed an increasing trend from 76 % in the undoped film to 85 % in 4 wt % Zn-doped film. The optical band gap of CdS is
found to decrease from 2.43 eV to 2.37 eV for 4 wt % Zn-doped thin film. The I(V) characteristic of the Cu2S/CdS:Zn

heterojunction was found to be rectifying and the current-voltage measurements revealed an ideality factor (n = 2.3).
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1. Introduction

Thin films made of metal chalcogenides have
significant optoelectronic properties [1-4]. As a member of
metal chalcogenides, copper sulfide (Cu,S) and cadmium
sulfide (CdS) have received much attention in recent time
due to their potential applications [5-11]. Chemical bath
deposition (CBD) is one of the most commonly used
techniques to grow Cu,S and CdS thin films [12,13]. It’s
recognized to be a simple, low temperature, and
inexpensive large-area deposition technique and a well-
established method for preparing bi-layers of two different
chalcogenide materials such as PbS-CdS [14], PbS-CuxS
[15], and CdS/znS [16]. Copper sulfide is an important
semiconductor acting as p-type material due to the copper
vacancies happening within the lattice [17]. CuxS has
received much attention in recent time due to its potential
applications in optical and electrical devices like optical
filters [18], photoconductor [19], light emitting diodes
[20], photo thermal conversion of solar energy [21],
potovoltaic applications [22], and solar radiation absorber
[23]. Cadmium sulfide is a wide optical band gap (2.4 eV),
CdS shows n-type conductivity due to its native defects or
sulfur vacancies and cadmium interstitials. CdS is
considered as one of the most favorable and employed
materials as window layer/buffer layer in various types of
hetero-junction solar cells such as CdS/CIGS [24, 25],
Cu2ZnSnS./CdS [26], CdS/Cu,S [27], Cu,S/CdS [28], and
CdS/CusS [29]. Doping the CdS buffer layer material by
Zn enhances the electronic, electrical, and optical
properties of devices [30]. Conformity of a Zn into the
lattice of CdS can adapt its energy gap and lattice
parameters, which make it useful in solar cells and diodes

[31]. This study focuses on (1) the structural,
morphological and optical properties of undoped CdS,
4 wt % Zn-doped CdS, and Cu,S thin film grown during
3hrs and (2) the investigation of current-voltage (I-V)
characteristics of the elaborated  Cu,S/CdS:Zn
heterojunction structure at room temperature.

2. Experimental details
2.1. Preparation of n-type of CdS:Zn

CdS thin films were prepared on glass substrates by
chemical bath deposition technique using standard
solutions of cadmium sulfate CdSO. (1 M), thiourea
CS(NH)2 (1 M), ammonia NHsOH (9.5 M) and distilled
water (DW). Here, cadmium sulfate and thiourea are the
source of Cd*? and S2 Zinc doping was achieved by
adding appropriate amounts of zinc sulfate ZnSO4
(5.7 mM) to the main solution, Zn-doped film was
prepared with 4 wt %. Glass substrates were ultrasonically
cleaned with acetone and methanol, rinsed with water and
dried in hot air. The pH monitored with a digital pH-meter
was adjusted at ~11 by addition of ammonia. Then, the
glass substrates were vertically immersed in the chemical
bath and the temperature was regulated at 60 °C. After
deposition (30 min for each deposition), the samples were
removed from the reaction solution, washed with water
and annealed at 300 °C for 15 min (Fig. 1).
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Fig. 1. Images showing the deposited CdS thin films: (a)
undoped and (b) 4 wt % Zn-doped CdS thin film (color online)

2.2. Preparation of p-type of CuzS

CusS film was deposited by the CBD technique onto
glass substrates with dimensions of 4 cm length, 2 cm
width and 3 mm thickness. The chemical bath was
composed by triethanolamine C¢HisNOs (50 %), copper
(i) chloride dihydrate CuClz-:2H.O (1 M), ammonia
NH4OH (7.5 M), sodium hydroxide NaOH (1 M), thiourea
CS(NHz), (0.5M) and distilled water (DW).
Triethanolamine and sodium hydroxide work as a
complexing agent, whereas ammonia solution was used for
adjusting pH of the bath solution at alkaline medium
(pH = 10.5). During deposition, the solution temperature
was kept constant at 37°C. The deposition time was 3 hrs.
After deposition, the sample was removed from the
reaction solution, washed with distilled water and annealed
at 300 °C for 15 min (Fig. 2).

Fig. 2. Images showing the deposited Cu-S film (color online)

2.3. Preparation of the diode structure
(Au/Cu2S/CdS:Zn/ITO)

The synthesis of the structure (Au/Cu,S/CdS:Zn/ITO)
is done as follows. First, thin film of CdS:Zn was
deposited onto indium doped tin oxide coated conducting
glass substrates with the same conditions under which we

deposited the CdS:Zn film by chemical bath on a glass
substrate (section one). Then, the formed CdS:Zn/ITO thin
film is dipped into a second chemical bath which has the
same conditions with which we deposited the Cu,S thin
layer (section two). After this, Cu,S/CdS:Zn/ITO
multilayer film deposited was annealed at 300 °C for
15 min. At last, Gold (Au) contact was deposited by
electron beam evaporation on CuzS layer.

2.4. Characterization

Structural properties of the prepared films were
performed by X-rays diffractometer (XRD, Brucker-
AXXS, D8) with CuK, radiation. It can be noted that the
values of Bragg’s angle (26) were varied in a range of 20°
and 100°.

The crystallite size can be simply determined using
the Scherer formula [32]:

D, = (1)
p cosé

while k is the Scherer constant, its value is taken as 0.9 for
the calculations [33], 4 is the wavelength of incident
radiation (1 = 1.5406 A), g is the full width at half
maximum (FWHM) of the peak corrected for instrumental
broadening, and @is the Bragg angle.

The surface morphology of the films was investigated
using a FEG 7600F JEOL scanning electron microscopy
(SEM). The grain sizes (Dg) are estimated from the AFM
measurements “atomic force microscopy” (A.P.E.
Research-A100 AFM). The chemical composition of all
samples was carried out using an energy dispersive X-ray
microanalysis machine (INCA, XMAX, Oxford
Instrument, Oxford, UK).

The optical transmittance was recorded using Jasco V-
630 spectrophotometer in the wavelength range 100-
1100 nm. The absorption coefficient (a) of CdS, CdS:Zn,
and CusS thin films was calculated using the transmittance
(T) value and thickness (d) using Beer—Lambert law [34]:

a-t |n(£) @

d \T

where the film thickness (d) was measured by fitting the
transmittance spectra [35].

The « is related to the optical band gap (Eg) by the
Tauc formula [36]:

(aho) = A(hu -E, ) 3

where as /v is the photon energy of the incident photons,
A is a constant.

The current-voltage (I-V) measurement was
performed in dark conditions and at room temperature
using a KEITHLEY 2410 source meter.



Cu2S/CdS:Zn heterojunction synthetized by chemical bath deposition for photovoltaic application 383

3. Results and discussion

3.1. Properties of undoped and 4 wt % Zn-doped
CdS thin films

In Fig. 3, the XRD patterns of undoped and 4 wt %
Zn-doped CdS film were reported.

(111) 26.95°

(220) 44.60°
(311) 52.52°

Intensity (a.u)

4 wt% Zn-doped CdS thin film

. . UndopedICdS film

20 30 40 50 60
26 (deg.)

Fig. 3. XRD patterns of undoped and 4 wt% Zn doped CdS films

Table 1. FWHM estimated by X-ray diffraction, crystallite size,
thickness and grain size for undoped and 4 wt % Zn-doped CdS

thin films.
- FWHM D¢ | Thickness Dg
Thin films type
YPe| (deg) | (m) | (m) | (hm)
Undoped CdS | 0.419 19.5 118 65
4wt %
Zn-doped CdS 0.438 18.7 158 99

It is clearly seen from this figure that different peaks
appeared at 20 = 26.95°, 20 = 44.3° and 26 = 52.3°. These
peaks correspond respectively to the (111), (220) and
(311) planes of the cubic structure in agreement with the
JCPDS card No 42-1411 [37]. No peaks for Zn or ZnS
were detected which suggests that incorporation of Zn*?
ions in the films does not alter the crystalline structure of
CdSs film. Fig. 4 displays the scanning electron microscopy
micrographs of undoped and 4 wt % Zn-doped CdS film.
The SEM images show many grains which are
homogeneously distributed over the substrate surface.
Grain sizes (Dg) are estimated from the AFM
measurements (Table 1).

Fig. 4. Scanning electron microscopy (SEM) micrographs of (a)
undoped and (b) 4 wt % Zn-doped CdS thin film

Fig. 5(a) and (b) shows the EDAX spectra of undoped
and 4 wt % Zn-doped CdS thin film, these spectra exhibit
several peaks which are mainly related to Cd and S
elements. The spectra of 4 wt % Zn-doped CdS thin film
(Fig. 5.b) illustrates other peaks which are assigned to Zn
atoms. The supplementary elements (C, Na, Si, O and Mg)
may originate from the glass substrates [38]. The weight
ratio and atomic ratio compositions of the elements Cd, S,
Zn and O for undoped and Zn-doped CdS films are
displayed in the insets in Fig. 5.
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Fig. 5. Energy dispersive X-ray spectroscopy (EDAX) spectra
of (a) undoped CdS thin film and (b) 4 wt % Zn-doped CdS film
(color online)

Fig. 6 shows the optical transmission spectra of
undoped and 4 wt % Zn-doped CdS films. As shown in
this figure, the films present a high transmittance between
76 and 86 % in the visible and NIR region which is good
for optelectronic devices, especially for solar cell window
layers. A sharp absorption edge characteristic of CdS
which is about 487 nm [39].
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Fig. 6. Transmittance curves of undoped and 4 wt % Zn-doped
CdS thin films

The energy band gap value of the undoped and 4 wt %
Zn-doped CdS thin films are estimated by plotting (a/v)?
versus /v (Fig. 7). Undoped film has a bandgap of 2.43 eV
which agrees well with the 2.42 eV bandgap of single
crystal CdS [40]. The band gap of 4 wt % Zn-doped thin
filmis 2.37 eV.
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Fig. 7. Plot of (ahv)? versus the hv for the optical band gap
determination of undoped and Zn-doped CdS thin film

3.2. Properties of CuzS thin film

Fig. 8 shows the X-ray diffraction spectrum of the as-
deposited copper sulfide thin film deposited for 3 hrs by
chemical bath deposition. At low diffraction angle, we
note the presence of halo (or broad) diffraction peak in the
form of a bump, located between 20° and 35° is relative to
the glass substrate which is amorphous [41]. The
diffraction peak centered around 26 = 46° can be assigned
to the (220) crystal planes of Cu,S which can be indexed
as a hexagonal structure. The reported values matched
well with the standard JCPDS card No. 03-1071.

Cu,S thin film

26=46°; (220)
*

Intensity (a.u)

10 20 30 40 50 60 70 80
20 (deg.)

Fig. 8. XRD spectrum of CuzS thin film deposited for 3 hours
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Fig. 9 shows the scanning electron microscopy
micrograph of CuzS thin film deposited for 3 hrs. The grain
size of this film was much smaller and has complete
coverage over the substrate surface. The film is uniform
and covers the substrate very well without visible pores.
We observe aggregates due to the colloidal particles
formed in solution, then adsorbed on the film.

Fig. 9. Scanning electron microscopy (MEB) micrograph of CuzS
thin film deposited for 3 hours

The elemental analysis of the Cu,S thin film deposited
for 3 hrs on glass substrate was investigated by energy
dispersive X-ray analysis (EDAX) technique. The EDAX
pattern is shown in Fig. 10, peaks of Cu and S exhibit the
presence of these elements in the as-deposited film. The
peaks of Si, C, Mg and O originate from the glass
substrate. We note a high percentage of oxygen, this is
due, (i) to the large part of the oxygen comes from the
glass substrate which is formed of silica (SiO), (ii) to the
oxygen comes from the environment.

The elemental analysis was carried out, the insets in
Fig. 10 shows elemental weights (wt. %) and atomics (at.
%) of Cu and S in the deposited Cu,S thin film. The
average atomic percentage of Cu:S in the as deposited film
was calculated as 8.49:5.14.

i Element wt (00)

CK .57
0OK 45.35
NaK 13.02
SK 7.76
CuL 2540
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Fig. 10. Energy dispersive X-ray spectroscopy (EDAX) spectra
of CuzS thin film deposited for 3 hours (color online)

The variation of the transmittance and the absorbance
of the CuzS film as a function of the wavelength is

presented in Fig. 11. The transmittance spectrum has a
35 % transparency at 670 nm and decreases slightly with
the increase of the wavelength. There is a high absorbance
in the wavelength range between 191 and 430 nm, then a
decrease in the range 430-700 nm, followed by a slight
increase in absorbance beyond 700 nm. It should be noted
that copper sulfide is an ideal semiconductor for the
absorption of solar energy [42,43], which is why this latter
is used in the production of solar cells as an absorber [44].
The thickness of the deposited Cu,S is 75 nm.
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Fig. 11. Variation of the transmittance and the absorbance of
CuzS thin film as a function of the wavelength.
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Fig. 12. Plot of (a/v)? versus ho for the optical band gap
determination of CuzS thin film.

The bandgap was determined by plotting (ahv)?
versus hv and then extrapolating the straight line portion to
the energy axis (Fig. 12), the estimated Cu,S thin film
direct band gap is 2.6 eV.

3.3. Electrical study of Cu.S/CdS:Zn
heterojunction

3.3.1. Dark current-voltage characteristic

Fig. 13  illustrates the current-voltage (I-V)
characteristic of Cu,S/CdS:Zn heterojunction at room
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temperature (300 K) for forward biase voltage. It can be
noticed that the current increases exponentially with the
increase of the applied bias voltage. Thus the junction was
found to be rectifying.

Cu,S/CdS:Zn heterojunction

Current (mA)

o 1 1 1 1 1
00 02 04 06 08 10 12 14 16

Voltage (V)

Fig. 13. Current-voltage characteristic of Cu2S/CdS:Zn
heterojunction

The I(V) formulation at forward bias voltage of p-n
heterojunction structure can be given by the following
expression [40, 45]:

=1 [exp(:;{r) -~ 1} (4)

where g is the electron charge, k is the Boltzmann
constant, T is the temperature and Is denotes the saturation
current which can be derived from the intersection
between the current axis and the interpolated line
associated with the first linear region.

The ideality factor (n) is strongly depending on the
applied voltage and can be calculated using the following
formula [46]:

q dv (5)

The saturation current and the ideality factor
determined from I(V) characteristic are 4.26x10“ A and
2.3, respectively.

4. Conclusion

In the present work, Cu,S/CdS:Zn heterojunction thin
films have been prepared by chemical bath deposition
method. In order to boost the Cu,S/CdS:Zn heterojunction
performance and optimize the experimental conditions, the
structural, morphological and optical properties of
undoped and 4 wt % Zn-doped CdS thin films properties
were  investigated. The study indicates that
4 wt % Zn-doped film give the best results. The optimized
Cu,S/CdS:Zn heterojunction shows a good performances
and gives low ideality factor and saturation current (2.3

and 4.26x10°* A, respectively) which were prepared by
chemical bath deposition can be used to fabricate efficient
heterojunctions. This study helps in the evolution of
CuzS/CdS:Zn  heterojunction solar cell. These results
suggest that the elaborated device by chemical bath play
an important role in fabricating high performance of
heterojunctions based on Cu,S/CdS:Zn thin film.
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