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ABSTRACT: For preparing a device‐quality CuInSe2 (CISe) light‐absorbing layer by single‐bath electrodeposition for a superstrate‐type
CISe cell, morphological properties of the CISe layers were investigated by varying concentrations of sulfamic acid and potassium 
biphthalate, complexing/buffering agents. CISe films were grown on an In2Se3 film by applying a constant voltage of ‐0.5V versus 
Ag/AgCl for 90 min in a solution with precursors of CuCl2, InCl3, and SeO2, and a KCl electrolyte. A dense and smooth layer of CISe
could be obtained with a solution containing both sulfamic acid and potassium biphthalate in a narrow concentration range of 
combination. A CISe layer prepared on the In2Se3 film with proper concentrations of complexing/buffering agents exhibited thickness
of 1.6~1.8 μm with few undesirable secondary phases. On the other hand, when the bath solution did not contain either sulfamic acid 
or potassium biphthalate, a CISe film appeared to contain undesirable flake‐shape Cu2‐xSe phases or sparse pores in the upper part of film.
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1. Introduction

Ternary and quarternary chalcopyrite compounds, such as 

CuInSe2 (CISe), Cu(In,Ga)Se2 (CIGSe), CuIn(Se,S)2 (CISeS), 

and CuGaSe2 (CGSe), have attracted considerable attention as 

excellent materials in inorganic thin film solar cells due to their 

high absorption coefficients (~105cm-1) and low cost1, 2). A high 

conversion efficiency near 20% was achieved with a CIGSe 

solar cell of a laboratory scale prepared by a vacuum process3, 4). 

CISe or CIGSe films can be prepared by various methods 

including coevaporation5), sputtering6), electrodeposition7), 

spraying8), printing8), molecular beam epitaxy9), and so on. 

Among these, the electrodeposition has been considered a 

promising approach from the view points of a non-vacuum and 

low-cost process, formation of a dense and smooth film, and 

large area production. CIGSe solar cells prepared by electro-

deposition have already reached efficiencies over 11.5% on a 

laboratory scale and of around 7% on a module scale10). By 

adding the physical vapor deposition (PVD) of In and Ga onto 

the electrodeposited CIGSe film to adjust the atomic ratios of 

Cu, In, Ga, and Se, an enhanced cell efficiency over 15% was 

achieved11, 12). However, these cells have a configuration con-

sisting of glass/Mo/CIGSe/CdS/ZnO, which still needs some 

cost-intensive vacuum steps, such as sputtering of Mo, i-ZnO 

and Al-doped ZnO. A superstrate structure, which is the reverse 

of conventional figures, has been proposed for a cheaper process 

for CIGSe cells. Superstrate-type cells prepared by the evapora-

tion technique showed efficiencies over 8%13, 14), and ones 

prepared by electrodeposition of CISe films on In2Se3 yielded 

efficiencies of 2.9~3.6%15-18).

In order to produce high-efficiency CISe or CIGSe solar cells 

by electrodeposition, there are a number of difficulties to be 

overcome, including the structural and morphological properties 

of films, the control of compositional depth profile, and the 

avoidance of co-deposition of oxides. In particular, the growth 

of undesirable secondary phases, representatively copper 

selenides (Cu2-xSe), usually leads to the formation of Cu-rich 

films19). The excessive Cu2-xSe phases are highly conductive 

and apt to produce shunt paths, which negatively influence the 
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device efficiencies. To obtain device-quality film, Cu2-xSe on 

the surface of CIGSe or CISe films is sometimes removed by 

chemical etching with KCN20-23). However, it is ideal and an 

ultimate goal to minimize Cu2-xSe phases during the electro-

deposition of CIGSe or CISe films. Therefore, a facile and 

effective method is necessary to inhibit the growth of Cu2-xSe 

phases. 

An effective method to suppress the overgrowth of Cu2-xSe 

phases during electrodeposition is the utilization of complexing 

agents in the baths solution. Various complexing agents have 

been proposed for the electrodeposition of CISe or CIGSe, such 

as citrate24, 25), triethanolaminex26, 27), ethylenediaminetetraacetic 

acid28), ethylenediamine29), thiocyanate30, 31), benzotriazole32). 

These complexing agents are widely utilized in copper plating 

baths and can form stable complexes with copper in basic 

solutions. But complexing abilities of these agents on metal ions 

are dramatically reduced by H+ concentration. There are not 

many suitable agents for acidic solutions of pH 1.5~3 due to the 

easy reduction of HSeO3
-2 in the CISe or CIGSe baths. Thus, it 

is still interesting to search a proper acidic complexing agent for 

inhibiting the overgrowth of Cu2-xSe phases. Recently, sulfamic 

acid was suggested as a complexing agent for one-step electro-

deposition of CIGSe in acidic solution.33) Sodium sulfamate and 

metal ions form metal complexes of Metal(NH2SO3)3
2- in the 

precursor solution. The degree of metal complex formation 

influences the diffusion and electro- chemical activity of the 

metal ions during electrodeposition. Therefore, the chemical 

and physical properties of metal complexes can determine the 

atomic composition, structure, density and morphology of 

CIGSe or CISe films. 

On the other hand, structural and morphological properties of 

the CIGSe or CISe films were also strongly influenced by pH of 

the electrodeposition baths solution34). A pH buffer solution can 

attenuate precipitation or deposition of hydroxides during film 

growth. In addition, the control of pH allows preserving elec-

trolytic baths for several weeks. The use of pH buffered sulfate- 

based baths solution has resulted in 3.6% efficiency of the CISe 

devices without a subsequent vacuum processing to adjust 

composition. Although the efficiency is still low in comparison 

with vacuum process-based CISe cells, the efficiency can be 

improved by film structure and morphology. In this paper, we 

are investigating the morphological properties of electrodeposited 

CISe absorber layers on an In2Se3 film using different baths 

solutions containing various concentrations of sulfamic acid 

and potassium biphthalate.

2. Experiments 

2.1 Materials 

Chemicals for the metallic precursors, CuCl2‧2H2O, InCl3, 

SeO2, and the supporting electrolytes, KCl and LiCl, were 

supplied from Aldrich Co. and used without further purification. 

Indium tin oxide (ITO, 10Ω/square) glasses were obtained from 

Samsung Corning Co., Korea.

2.2 Electrodeposition of film 

Before electrodeposition of metallic components for In2Se3 

and CuInSe2 (CISe) films, the working electrode, ITO glass (1.0 

× 1.5 cm2), was cleaned in an ultrasonic baths successively with 

a neutral detergent, isopropylalcohol, acetone and again 

isopropylalcohol. Firstly, In2Se3 was electrodeposed on the 

cleaned ITO glass, and CISe was electrodeposited on the In2Se3 

film formed. The electrodeposition of In2Se3 and CISe was 

carried out using a potentiostat/galvanostat (CHI 620A Electro-

chemical Analyzer, CH Instruments, Austin, TX, USA) at room 

temperature without stirring. An Ag/AgCl electrode and Pt plate 

were used as a reference electrode and a counter electrode, 

respectively. For In2Se3 electrodeposition, a baths solution was 

prepared with 2.4 mM of InCl3, 4.8mM of SeO2 and 0.24M LiCl 

as an electrolyte in deionized distilled H2O without any 

complexing agent. A thin In2Se3 film of ~50 nm thickness was 

electrodeposited on the ITO electrode surface by applying a 

constant voltage of -0.6V vs. Ag/AgCl for 40 min. For CISe 

electrodeposition, the baths solution composed of 2.56mM of 

CuCl2․2H2O, 2.4mM of InCl3, 4.8mM of SeO2 and 0.24M KCl 

as an electrolyte in deionized distilled H2O with sulfamic acid 

and potassium biphthalate was prepared in a single bath. CISe 

films were grown on the In2Se3 film by applying constant -0.5V 

vs. Ag/AgCl. The structure and surface morphology of In2Se3 

and CISe films were characterized using a field emission 

scanning electron microscopy (FE-SEM, Hitachi S-4100). The 

formation of CISe and Cu2-xSe phases and the atomic composi-

tion of the film were evaluated using a x-ray diffraction (XRD, 

Rigaku D/MAX 2500) and energy dispersive spectroscopy 

(EDS, EMAX-Horiba), respectively.
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Fig. 1.  A linear sweep voltammogram of CISe baths solution at 
a scan rate of 50 mV/s.

Fig. 2. SEM images of In2Se3 thin films on the ITO glass by 
applying constant voltages of (a) -0.5V vs. Ag/AgCl for 
10 min, (b) -0.6V for 10 min, and (c) -0.6V for 40 min; 
(Upper) surface, (Lower) cross-section.

Fig. 3. SEM images of CISe films on the In2Se3 thin films by 
applying constant voltages of (a) -0.6V vs. Ag/AgCl for 
60 min, (b) -0.5V for 60 min and (c) -0.5V for 120 min; 
(Upper) surface, (Lower) cross-section.

3. Results and Discussion 

3.1 Deposition Potentials  

A cyclic voltammogram of CISe baths solution was conducted 

to determine proper reduction potentials of ions to elements for 

electrodeposition. As shown in Fig. 1, the reduction potentials 

of Cu2+ to Cu, SeO3
2- to Se, and In3+ to In were measured as 

-0.34V, -0.4V, and -0.5V vs. Ag/AgCl, respectively. The 

reduction potentials measured were a little bit different from the 

values reported.33) The deviation of reduction potentials from 

the theoretically expected values could be caused by various 

factors such as the concentration of electrolyte, pH of the 

solution, relative size of the substrate to the counter Pt electrode, 

the type of supporting electrolyte, etc. Even though the 

reduction potentials were assigned, the actual electrodeposition 

of each element started to occur from the potential slightly 

below its measured value. For simultaneous electrodeposition 

of three components in a single baths, a potential around -0.5V 

vs. Ag/AgCl was found suitable.

3.2 Preparation of In2Se3 film  

Before depositing the CISe absorption layer, an In2Se3 film 

was deposited on the ITO glass as a buffer layer for a 

superstrate-type solar cell, which would replace a toxic CdS 

buffer layer15, 35). Fig. 2 shows SEM images of In2Se3 films 

electrodeposited on the ITO surface at -0.5V and -0.6V vs. 

Ag/AgCl. While an In2Se3 film stacked with island-shape 

particles of 250~500 nm in size was formed at -0.5V (Fig. 2 (a)), 

a thin continuous In2Se3 film was formed by applying -0.6V 

(Fig. 2 (b)). As the deposition time increased at constant -0.6V, 

more compact and smooth In2Se3 film covered the ITO surface. 

As shown in Fig. 2 ⒞, the thickness of In2Se3 layer deposited for 

40 min was about 60 nm. 

3.3 Electrodeposition of CISe film on In2Se3/ITO

Firstly, CISe films were formed on the In2Se3 film by 
electrodeposition in a single baths solution having the 
precursors of 2.56mM of CuCl2․2H2O, 2.4mM of InCl3, 4.8mM 
of SeO2, the electrolyte of 0.24M KCl, and the complexing/ 
buffering agents of 0.01M sulfamic acid and 0.01M potassium 
biphthalate at different potentials. Differently from the electro-
deposition of In2Se3 on ITO films, a continuous and smooth 
CISe film on the In2Se3 film was formed by applying -0.5V vs. 
Ag/AgCl (Fig. 3 (b)), while randomly grown particles were 
stacked at -0.6V (Fig. 3 (a)). As the electrodeposition time 
increased, a smoother, denser and thicker CISe film was 
obtained at the potential of -0.5V (Fig. 3 ⒞). Therefore, a 
constant potential of -0.5V seemed proper for the single-bath 
CISe electrodeposition.  

Secondly, CISe films were formed on In2Se3/ITO with 

various concentrations of Cu, In, and Se precursors in order to 

find out the proper range of precursor concentrations. The ratio 
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Fig. 4. SEM images of CISe films on In2Se3/ITO electro- 
deposited at -0.5V vs. Ag/AgCl for 90 min with various 
precursor concentrations and with sulfamic acid and 
potassium biphthalate of 10 mM: The concentrations of 
CuCl2/InCl3/ SeO2 are (a) 1.28/1.2/2.4 mM, (b) 2.56/ 
2.4/4.8 mM, and (c) 3.84/3.6/7.2 mM; (Upper) surface, 
(Lower) cross-section. 

Table 1. Effect of precursor concentration on the elemental 
composition in CISe films  

Precursor Concentration (mM) Compositional Ratio*

CuCl2 / InCl3 / SeO2 Cu/In Se/(Cu+In)

2.56 / 2.4 / 4.8 1.05 1.11

3.84 / 3.6 / 7.2 1.09 1.04

* The compositional ratios were obtained from EDS analysis data.

Table 2. Concentrations of complexing/buffering agents and 
pH of the baths solutions

Bath solution Sulfamic acid
Potassium  

biphthalate
pH

A1 - - 2.7

A2 10 mM - 1.8

A3 - 10 mM 3.1

B1 1 mM 1 mM 2.5

B2 3 mM 3 mM 2.5

B3 5 mM 5 mM 2.4

B4 7 mM 7 mM 2.4

B5 10 mM 10 mM 2.0~2.1

C1 10 mM 1 mM 1.9

C2 10 mM 3 mM 2.0

C3 10 mM 5 mM 2.0

C4 10 mM 7 mM 2.0~2.1

D1 1 mM 10 mM 2.8

D2 3 mM 10 mM 2.6

D3 5 mM 10 mM 2.4

D4 7 mM 10 mM  2.1

E1 50 mM - 1.3

E2 50 mM 10 mM 1.3

E3 50 mM 50 mM 2.0

E4 30 mM 30 mM 2.0

E5 10 mM 50 mM 2.8

E6 - 50 mM 3.3

of Cu, In and Se precursors in the baths was fixed at 1.07/1/2, 

and the concentrations of both sulfamic acid and potassium 

biphthalate were maintained at 10 mM of each. As shown in Fig. 

4, a continuous CISe film could not be obtained from the baths 

of low-concentration precursors (Fig. 4 (a)), while a dense and 

uniform CISe films were successfully obtained from the baths 

having high precursor concentrations (Fig. 4 (b) and (c)).  

The result indicated that there are concentration boundaries 

of precursors for forming a uniform CISe film, and it proposed 

2.56/2.4/4.8 mM of CuCl2/InCl3/SeO2 as the proper concentra-

tions of low limit. In addition, with a baths solution having 

higher precursor concentrations, a continuous and dense CISe 

film could be produced faster, and its thickness increased nearly 

in proportion to the precursor concentrations. However, from 

the point of elemental composition in CISe films, the content of 

Cu increased and that of Se decreased with the baths having 

higher precursor concentrations. Namely, a baths with high 

precursor concentrations could induce a Cu-rich CISe film as 

shown in Table 1, even though the CISe film could be formed in 

a fast way.  

3.4 Effect of Complexing/Buffering Agents on CISe 

Film Formation   

Based on the proper electrodeposition conditions obtained 

above, CISe films were electrodeposited on In2Se3/ITO at -0.5V 

vs. Ag/AgCl for 90 min using different baths solutions having 

various concentrations of complexing/buffering agents as listed 

in Table 2. For the concentrations of sulfamic acid and 

potassium biphthalate used, pH of the baths solution was found 

in the acidic range of 1.3~3.3. It tended to be more acidic as more 

sulfamic acid was involved, and less acidic as more potassium 

biphthalate was mixed. High concentrations of sulfamic acid 

and potassium biphthalate, such as 50 mM each, remarkably 

induced the precipitation of metallic precursors. The SEM 

images of electrodeposited CISe layers on In2Se3/ITO are 

shown in Fig. 5 through Fig. 9. 

Without any complexing/buffering agent, a rough CISe film 

was formed with randomly grown particles of 100~1000 nm in 

size and its thickness was 3.1~3.7 μm.(Fig. 5 A1) When the 

baths solution contained sulfamic acid solely (A2), pH of the 

solution was ~1.8. The surface of CISe film seemed to be 
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Fig. 5. SEM images of CISe films on In2Se3/ITO electro- 
deposited at -0.5V vs. Ag/AgCl for 90 min; [A1] without 
sulfamic acid and potassium biphthalate, [A2] solely 
with 10 mM sulfamic acid, [A3] solely with 10 mM potass-
ium biphthalate; (Upper) surface, (Lower) cross-section. 

Fig. 6. SEM images of CISe films with same concentrations of 
sulfamic acid and potassium biphthalate; [B3] 5 mM 
each, [B4] 7 mM each, [B5] 10 mM each; (Upper) surface,
(Lower) cross-section. 

Fig. 7. SEM images of CISe films prepared with 10 mM sulfamic 
acid and various concentrations of potassium biphthalate;
[C1] 1 mM, [C2] 3 mM, [C3] 5 mM; (Upper) surface, 
(Lower) cross-section.

Fig. 8. XRD analysis of CISe films on In2Se3/ITO electro-deposited
with 10 mM sulfamic acid and various concentrations of 
potassium biphthalate; -0.5V vs. Ag/AgCl for 90 min.

Fig. 9. SEM images of CISe films prepared with 10 mM potassium
biphthalate and various concentrations of sulfamic acid; 
[D2] 3 mM, [D3] 5 mM, [D4] 7 mM; (Upper) surface, 
(Lower) cross-section.

connected by particles of 200~300 nm in size, which had smaller 

particles of 30~60 nm growing on them. Even though the 

surface did not seem to have cleavages or holes, its cross- 

sectional images showed that a dense and continuous CISe film 

was not formed. When the baths solution contained potassium 

biphthalate solely without sulfamic acid (A3), pH of the solution 

was ~3.1. The surface morphology exhibited a very poor CISe 

film with lots of flakes of 50~60 nm in thickness and 300~600 nm 

in diagonal length. The flakes seemed to be Cu2-xSe phases13). 

When the baths solution contained both sulfamic acid and 

potassium biphthalate in the same amount, the CISe film got 

dense and had smooth surface from concentrations of 5 mM 

each.(Fig. 6) When 10 mM of each sulfamic acid and potassium 

biphthalate was used, a desirable CISe film with dense structure 

of 1.6~1.8 μm thickness was obtained.(Fig. 6 B5) The surface 

images showed a well-developed CISe film, which was 

continuously connected by tightly packed particles. Its cross- 

sectional SEM images showed very few flakes of Cu2-xSe 

phases both inside and on top of the CISe film.

When the concentration of sulfamic acid was fixed at 10 mM, 

a denser and more continuous CISe film was formed with 

photassium bipthalate of more than 5 mM.(Fig. 7 C3) This was 

also confirmed by the gradual decrease of ITO and In2Se3 peaks 

in XRD analysis of CISe films as the increase of photassium 

bipthalate concentration up to 10 mM.(Fig. 8) When the 

concentration of photassium bipthalate was fixed at 10 mM, a 

dense and continuous CISe film was getting formed with 

sulfamic acid more than 7 mM.(Fig. 9 D4) This result indicated 

that the formation of CISe film was more sensitive to the 

concentration of sulfamic acid rather than that of photassium 
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Fig. 10. SEM images of CISe films prepared with high concentra-
tion of sulfamic acid and potassium biphthalate; [E2] 
50/10 mM, [E3] 50/50 mM, [E4] 30/30 mM; (Upper) 
surface, (Lower) cross-section.

Fig. 11. A proper concentration range of sulfamic acid and 
potassium biphthalate for electrodeposition of CISe 
films with a solution containing 2.56mM CuCl2․2H2O, 
2.4mM  InCl3, 4.8mM SeO2, and 0.24M KCl at -0.5V 
vs. Ag/AgCl; oo suggested to form a continuous film, o 
usable, △ usable but precipitated, ox not recommended,
x rough film with random particles, xx no film formation.

bipthalate. 

Even when the concentrations of sulfamic acid and 

photassium bipthalate were increased up to 50 mM by keeping 

the same ratio, thereby keeping the pH around 2, dense and 

continuous CISe films could be obtained.(Fig. 10 E3, E4) 

However, as the concentrations of sulfamic acid and potassium 

biphthalate increased more than 30 mM each, the precipitates 

tended to form in the solution.(Table 2 E1, E3, E5, E6) When the 

concentration of sulfamic acid was as high as 50 mM but that of 

potassium biphthalate was far low, metallic particles grew in a 

bundle of cauliflower-like shape.(Fig. 10 E2)       

With a sufficient amount of both sulfamic acid and potassium 

biphthalate more than 7 mM each, a dense and continuous CISe 

film could be obtained (concentrations of sulfamic acid and 

potassium biphthalate: B4 (7/7 mM), B5 (10/10 mM), C3 

(10/5), C4 (10/7 mM), D4 (7/10 mM)). Uniform CISe films with 

few secondary phases could be obtained in an acidic condition 

of pH 2.0~2.2. Even though pH of the baths solution could be 

controlled in the proper acidic range of 2.0~2.2 by keeping the 

concentration ratio of sulfamic acid and potassium biphthalate 

around 1:1, more flakes of Cu2-xSe secondary phases were 

produced with higher concentration than 10 mM of either 

sulfamic acid or potassium biphthalate. The formation of more 

Cu2-xSe secondary phases induced the reduction of In content in 

the CISe film remarkably below the stoichiometric composition. 

The amount of flakes also increased when the concentration of 

sulfamic acid was so low. When the electrodeposition was 

conducted with very low concentration of either sulfamic acid 

or potassium biphthalate (Table 2 B1, B2, C1, D1, and D2), a 

continuous film-shape CISe did not form. Instead, a layer of 

uneven thickness, in which metallic particles or plates were 

randomly stacked, covered the In2Se3 surface. A proper 

concentration range of sulfamic acid and potassium biphthalate 

could be proposed as in Fig. 11. From this result, we could 

suggest that the most suitable concentrations of sulfamic acid 

and potassium biphthalate for forming a dense and continuous 

CISe film as well as for avoiding fast precipitation of metal 

precursors in the baths would be nearly the same moles as the 

summed moles of Cu, In, and Se precursors.

     

4. Conclusions

Morphological properties of CISe absorption layers on the 

In2Se3 film were investigated by different baths solutions 

containing sulfamic acid and potassium biphthalate as 

complexing and buffering agents. Before the growth of CISe 

film, a thin, compact and smooth In2Se3 film was obtained by 

applying a constant voltage of –0.6V vs. Ag/AgCl for 40 min. Its 

thickness was ca. 60 nm. A desirable CISe film was obtained by 

applying a constant voltage of –0.5V vs. Ag/AgCl with 

simultaneously using sulfamic acid and potassium biphthalate. 

The baths solution was suggested to contain nearly the same 

concentrations of sulfamic acid and potassium biphthalate in a 

range around 10 mM, which was nearly the same moles of the 

sum of Cu, In, and Se precursors. The CISe films prepared in the 

solution of pH 2.0~2.2 did not possess many flake structures of 

Cu2-xSe secondary phases inside the CISe film and noticeable 

cleavages or pores on the surface. The thickness of this dense 

film was 1.6~1.8 μm. It was revealed that the simultaneous use 

of sulfamic acid and potassium biphthalate in a proper ratio and 
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concentrations would induce a continuous, dense and uniform 

CISe film with few or no Cu2-xSe phases. It is expected that the 

CISe films on In2Se3 with few Cu2-xSe phases will contribute in 

fabricating a device-quality CISe absorber for high efficiency 

solar cells by avoiding the possible defects induced during the 

post KCN etching of the secondary phases.
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