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Effect of the concentration of Cu’" in the electrolytes
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Abstract ; CulnS, thin film, Culn,,S,; thin film and a mixture of both were formed on ITO glass substrates by sulfurizing Cu-
In-S precursors which were electrodeposited in the electrolytes solutions with different Cu>* concentrations. The properties
of the thin films were characterized by X-ray diffraction (XRD) , scanning electron micrographs (SEM) and energy disper-
sive spectroscopy (EDS). The experiment results indicate that while keeping the In’* and S,0,,_ concentrations fixed, the
concentration of Cu®* has significant influence on the chemical composition, morphology and crystal structure of the resul-
ting thin films. With a proper Cu’* concentration, a single-phase polycrystalline CuInS, thin film can be achieved with ide-

al stoichiometry and a suitable band gap of 1.5 €V, which will be used as the absorber layer of a thin film solar cell in fur-

ther work.
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Introduction

Chalcopyrite compound Copper indium disulfide
(CulnS,) is a promising material as a photo-absorbing
layer for high-efficiency, low-cost thin film solar cells,
since this semiconductor has an ideal direct band gap

(1.5 ~1.55eV) and a large absorption coefficient in
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visible spectrum range Various techniques have

been used to prepare CulnS, thin films, such as sputte-

6l electrodeposition'”’, mo-

ring®) | spray pyrolysis
lecular beam epitaxy'®! etc. Among them, electrodepo-
sition is of interest due to its simplicity, low energy,
cheap requirements and further it is an easily scalable

technique for mass manufacture.
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In this paper, we prepared the CulnS, thin films
through one-step electrodeposition of Cu-In-S precur-
sors followed by sulfurization at 550°C in the atmos-
phere of N, + H,S(5% ). The effect of Cu’* concentra-
tion on the properties of CulnS, thin films was investi-

gated.
1 Experiment

The Cu-In-S precursor films were electrodeposited
onto indium tin oxide (ITO) glasses with dimensions of
1 x1 em®. Prior to the film deposition the ITO glasses
were cleaned with detergent and rinsed with acetone,
ethanol and distilled water sequentially. The electro-
deposition procedure was carried out with a CHI 1140A
electrochemical workstation ( CH Instrument, USA)
and a standard 3-electrode system consisted of an ITO
glass working cathode, a platinum sheet as the anode
and a Saturated Calomel Electrode (SCE) as the refer-
ence electrode. The electrolyte bath used in this work
contained 9. 6 mM InCl, - H, 0, 25mM Na, S, 0, -
5H,0, 240mM LiCl - 4H,0 and CuCl, - 2H, O with
varied concentrations in the range of 2. 6 ~ 9. 1mM.
All chemicals are analytical reagent grade ( from Sinop-
harm Chemical Reagent Co. Ltd. China) and were
used without further purification. The Cu-In-S precur-
sor films were deposited at — 1.0v vs. SCE in poten-
tiostatic mode for 30 minutes without stirring at 25°C.
In this study four thin film samples were prepared with
Cu”* concentrations of 2.6 mM, 3.9 mM, 7.8mM and
9. 1mM, respectively. After electrodeposition, the
samples were rinsed in deionized water and dried under
flowing nitrogen. The sulfurization procedure was per-
formed in the atmosphere of Ar + H,S (5% ). The pre-
cursor films were first treated at 100°C for 30 minutes
to ensure sufficient reaction. Then the temperature was
increased to 550°C quickly and held for 60 minutes.
Finally, the samples were cooled down without control
to room temperature.

The structure properties of the resulting CulnS,
thin films were characterized by X-ray diffraction
(XRD) using BrukerD8 diffractometer with CuK_ radi-
ation. The surface morphology was measured by a Phil-
ipsS360 scanning electron microscope ( SEM). Micro-

analysis was obtained using the energy dispersive X-ray

spectroscopy ( EDS). Optical properties of the films
were recorded in the wavelength range 300 ~ 1500 nm
by a Cary-5000 UV-Vis-NIR double-beam spectropho-
tometer at room temperature. The thickness of the sam-

ple was monitored by a DEKTAK profilometer.
2 Results and discussion

Fig. 1 depicts the XRD patterns of the four sulfu-
rized CulnS, samples electrodeposited with different
Cu®* concentrations The main peaks in the XRD pat-
terns can be assigned to CulnS, ( marked by asterisk
( #)) or Culn,,S,,(marked by pound sign (#)). As
shown in Fig. 1(a) the film exhibits XRD peaks relat-
ed to the (311), (400), (511), (440) and (220)
planes of Culn,;S,;, which can be confirmed by PDF #
34 —0797. Therefore, it can be concluded that single-
phase polycrystalline Culn,,; S, exists in the film when
2.6 mM Cu’* is used in the electrolyte bath. Compar-
atively, when increasing the Cu’* concentration to 3.9
mM the formed film exhibits some other peaks corre-
sponding to the (112), (220), (312) and (200)
planes of CulnS, (Fig. 1 (b)), which can be con-
firmed by PDF #27 — 0159. Obviously, CulnS,, and
CulnS, mixed crystals coexist in this sample. The other
two samples were prepared with higher Cu®>* concentra-
tions of 7.8 mM (c¢) and 9.3 mM (d), both of which
showed XRD peaks corresponding to chalcopyrite struc-

ture of polycrystalline CulnS,, as shown in Fig. 1(c)
and Fig. 1(d).
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Fig. 1 XRD patterns of sulfurized CulnS, thin films with differ-

2 .
ent Cu * concentrations
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The XRD results suggest that Cu’" concentrations
play a crucial role in determining the final phase of the
CulnS, thin films. Similar result has been obtained by
R.P. Wijesundera et al'®!.

cursors were prepared by sequentially electrodeposited

In their work Cu-In pre-

Cu and In layers, and final phase of CulnS, thin films
could be determined by Cu/In atomic ratio of the Cu-In
precursors. In our work, Cu, In and S were co-electro-
deposited to form the precursor films, and the Cu/In a-
tomic ratios were controlled by Cu’’ concentrations
while keeping In’* concentration fixed. Additionally,
it should be noted that no obvious diffraction peaks are
observed from the XRD patterns ( unpublished data) of
the non-sulfurized films, which suggests that the crys-
tallites of the electrodeposited precursor films are very
small or the formed compound are of amorphous na-
ture. Therefore, sulfurization procedure is necessary to
obtain well-crystalized films.

Typical surface morphologies of sulfurized CulnS,
thin films with different Cu®*
in Fig. 2. It is seen that some microparticles are dis-
tributed on the surface of the thin film and no defined
boundaries of grains are observed for the sample with
Cu** concentration of 2. 6 mM (Fig. 2(a)). When

Cu’* concentration is increased to 3.9 mM, the film

concentrations are shown

(2) (b

© ' @

Fig.2 SEM surface micrographs of sulfurized CulnS, thin film

with different Cu®* concentrations (a)2.6 mM, (b)3.9 mM,
(¢)7.8 mM,(d)9.1 mM
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(a)2.6 mM,(b)3.9 mM,(c)7.8 mM,(d)9.1 mM

crystallinity is improved and grains appear ( Fig. 2
(b)). The sizes of some grains are up to 2 pum while
some small particles with different sizes still exist on
the surface. Fig. 2(c) and Fig. 2(d) show distinct,
uniform and densely packed grains with well defined
grain boundaries and the grain sizes are about 1 ~ 2
pm. Hence, Cu®* concentrations of 7.8 mM and 9.
ImM in the solution are optimum conditions and the
prepared CulnS, thin films may be suitable for the ap-

plication in thin film solar cells.

Table 1 The atomic percentages of Cu, In and S for the
sulfurized CulnS, thin films electrodeposited with
different Cu’* concentrations

F£1 AE Cu’ RETRRK CulnS, EEHEFES L

Cu?* Cw (%) /(%) S/(%) Cu/In S/Metal
2.6mM 4.7 41.8 53.5 0.11 1.15
3.9mM 15.8 31.8 52.4 0.50 1.10
7.8mM 22.1 23.5 54.5 0.94 1.20
9.1mM 24.9 21.2 53.8 1.17 1.17

Table 1 summarizes the atomic percentages of Cu,
In and S for the sulfurized CulnS, thin films electrode-

+

posited with different Cu** concentrations in the solu-

tion. It is noted that as Cu’* concentration in the solu-
tion increases the copper atomic percent of the sulfu-
rized CulnS, thin films increases as expected while the
indium atomic percent decreases. The sulfur atomic per-
cent has a little change and is more than 50%. When
Cu®" concentration is 2. 6mM the relative ratio between
components of Cu: In: S =1:9:11, which is near the
composition ratio of Culn,;S;; thin film although the sul-
fur content is deficient. When Cu’* concentration is in-
creased to 3.9mM the relative ratio of Cu:In: S =1:2:3.
Based on the XRD results, Culn;S,;; and CulnS, may
coexist in this sample. For the two samples which Cu®*
concentrations are 7. 8 mM and 9. ImM in the solu-
tion, stoichiometric chemical compositions are obtained
(CutIn: S=1:1:2). The EDS results are in accord-
ance with that of XRD. So the concentrations of Cu**
in the solution significantly affect the chemical compo-
sition of the sulfurized CulnS, thin films.

The absorption coefficient () can be determined

from the transmission spectra using the following formula

o :%m[%] , (1)
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Fig.3 Plots of (a) Absorption coefficient versus wavelength and,
(b) (ahw)? versus photon energy (hv) for the sulfurized CulnS,
thin film electrodeposited with Cu®* concentration of 7. 8 mM
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where d is the thickness of the film, R and T are the
reflectance and transmittance, respectively. The opti-
cal band gap (E,) can be obtained by the equation
ahv = A(bv - E,)" (2)
where A is a constant, hv is the photon energy. The
exponent n takes the value of 1/2 for a direct transition
in present case. Fig. 3 (a) presents the optical ab-
sorption coefficient versus wavelength plot for the sulfu-
rized CulnS, thin film electrodeposited with Cu** con-
centration of 7. 8 mM. The thickness of the sample is
1.95 pwm determined by the profilometer. The value of
the absorption coefficient is approximate 6 x 10* ¢cm ™
in visible spectrum range, which is in agreement with
reports of other literaters " '°. It is noted that the film
shows an abrupt absorbance edge around 820 nm,
which means a good optical property. Fig. 3 (b)

shows the plot of (ahv)” as a function of photon energy

(hv). The band gap E, is determined by extrapolating

the linear region of the curve (ahw)? versus hv to zero.
Thus the optical band gap value is estimated to be 1.5

eV, which is in good agreement with the other litera-

[11-12]

tures . The value is close to the optimum band

gap energy and the CulnS, thin film is appropriate for

the application of thin film solar cells.
3 Conclusions

CulnS, thin film, Culn,, S;; thin film and a mix-

ture of both have been successfully prepared on ITO
substrates by sulfurizing the Cu-In-S precursors which

are electrodeposited in the electrolyte bath containing

different Cu®* concentrations. It is found that Cu®*

concentration in the electrolytic bath has a significant
effect on the microstructure, morphology, composition

and optical properties of CulnS, thin films. The results

+

indicate that when Cu’* concentrations are 7. 8 mM

and 9.1 mM CulnS, thin films have single phase, stoi-
chiometric chemical compositions and good surface

morphologies. The direct band gap energy of the
CulnS, thin film is about 1.5 eV.
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