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1. INTRODUCTION 

Owing to global warming and increase of oil prices, solar cells 
have been intensively studied as alternative energy source. Among 
various kinds of solar cells, CuInSe2 (CIS) based solar cells have 
attracted growing attention because of their cheap price, high ab-
sorption coefficient, and long life [1]. ZnO, a well conducting 
transparent oxide, has been incorporated to form a buffer layer 
with CuInSe2 to replace the toxic CdS layer [2]. To grow ZnO on 
top of the CIS structure, chemical bath deposition (CBD) [3], 
chemical vapor deposition (CVD) [4], atomic layer deposition 
(ALD) [5], and electrochemical deposition (ECD) [2] have been 
reported. Compared with other fabrication methods, ECD has ad-
vantages of low temperature process, large area manufacturing, 
low cost and simple fabrication [6]. In this research, we grew ZnO 
film by ECD on indium tin oxide (ITO) [7, 8] and CIS substrate 
[2], respectively. To improve  material quality of the deposited 
ZnO on ITO and CIS, hydrogen peroxide (H2O2) as oxygen pre-
cursor has been included in the plating solution [9]. In contrast to 
previous studies [10, 11], we investigated the influence of H2O2 
concentration. Moreover, CIS substrates with and without  trietha-
nolamine (TEA) addition were examined [12]. To characterize the 

ZnO film with different growth conditions, multiple material 
analysis techniques [13] including X-ray diffraction (XRD) spec-
tra, scanning electron microscopy (SEM), and electron probe mi-
croanalyzer (EPMA) images were taken. Moreover, the transmit-
tance of the ZnO /ITO structure was measured by UV-VIS [7]. 
The experimental results indicate that an appropriate concentration 
of H2O2 could enhance the crystalline structure of the ZnO film on  
ITO and the transmittance could reach around 90% for the wave-
length over 650 nm [7, 14]. After finding the growth the deposi-
tion parameters to grow ZnO on ITO substrate, we used the same 
parameters to deposit good crystallized ZnO on CIS substrate. The 
results reveal that incorporation of TEA could suppress the reac-
tion between KCl in electrolyte and the CIS substrate, which might 
cause peeling of ZnO during growth. 

2. EXPERIMETNAL 

2. 1. ECD plating solution and system 
To grow a ZnO buffer layer on top of the CIS film, we first 

deposited ZnO films on ITO substrates and then on CIS substrates. 
The size of the ITO substrate was 20 mm × 20 mm. As for the CIS 
film, the film was grown by electro-deposition and the detailed 
process can be seen in our previous research [15, 16]. The ECD 
system consisted of  ITO or CIS as the working electrode,  Pt as *To whom correspondence should be addressed: Email: hchen@ncnu.edu.tw 
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the counter electrode, and Ag/AgCl as the reference electrode.  The 
deposition parameters are shown in Table 1 [17]. Before the depo-
sition process, H2O2 was added into the plating solution.  To study 
the growth condition and optical properties of the ZnO film, multi-
ple material analyses techniques including XRD spectra, SEM, and 
EPMA to characterize the material properties and UV-VIS to in-
vestigate the optical transmittance. 

2.2.  Reaction of electrochemical deposition of ZnO 
thin films 

In this experiment, we used a fixed voltage to deposit zinc oxide. 
The plating solution consisted of ZnCl2, 30% of H2O2 as the oxy-
gen precursor, and 0.1M of KCl as an auxiliary electrolyte to im-
prove the conductivity of the electrolyte. With an oxygen atom 
from the oxygen precursor H2O2, the film might contain a mixture 
of zinc hydroxide (ZnO-Zn(OH)2 mixture). The chemical reaction 
formula step by step are as follows [9]: 

 
Formula (1): The reduction reaction of hydrogen peroxide oc-

curred in cathode. 

 
Formula (2): The hydrogen peroxide reacted with the zinc ions in 

the solution to produce zinc hydroxide. 

Formula (3): A dehydration reaction occurred in a solution with a 
temperature higher than 50 . 

Formula (4): The total reaction is as follows: 

 

3. RESULTS AND DISCUSSION 

We first investigated the deposited ZnO film on the ITO 
substrate with XRD, UV-VIS, and SEM analyses. To examine the 
crystalline structure of the film, XRD of the ZnO film deposited in 
solutions with H2O2 concentrations of 5, 10, 15mM are shown in 
Fig. 1. The XRD spectra indicate that stronger ZnO crystalline 
phases could be obtained as the H2O2 concentration was higher 
than 10 mM. To evaluate the transmittance of the ZnO film, UV-
VIS was used to measure the transmittance. As shown in Fig. 2, the 
film deposited in a solution with the H2O2 concentration of 10 mM 
had the highest transmittance. Therefore, the deposition condition 
with the H2O2 concentration of 10 mM might be an appropriate 

condition to grow ZnO on the CIS/ITO substrate. A SEM image of 
a ZnO film deposited on ITO substrate in a solution with the H2O2 
concentration of 10 mM are shown in Fig. 3 (a), indicating that a 
ZnO film with a good material quality might be formed. To further 
analyze the film, oxygen and zinc element mapping were 
performed by EPMA as shown in Fig. 3 (b) and (c).  The EPMA 
results reveal that a uniform ZnO film might be formed based on 
the O and Zn element mapping. 

After an appropriate condition to grow ZnO films on the ITO 
substrate was found, we used these deposition parameters to grow 
ZnO films on the CIS substrate. The CIS substrate was formed by 
growing the CIS film on the ITO substrate [15]. Since the CIS film 
on the substrate was also grown by ECD, the CIS substrate 
prepared with and without TEA addition exhibited two distinct 
behaviors. 

The CIS substrate with and without TEA addition of a 
concentration of 3M are shown in Fig. 4 (a) and (b). To compare 

H2O2+ 2e- → 2OH- (1) 

2OH- + Zn2+ → Zn(OH)2 (2) 

Zn(OH)2→ ZnO+H2O (3) 

Zn2++ H2O2+2e-→ ZnO+H2O (4) 
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Figure 2. Transmittance of ZnO films in solutions with H2O2 con-
centrations of (a) 5mM, (b)10mM, (c) 15mM. 
 
  

 

Figure 1. XRD analyses of the ZnO film on ITO deposited in solu-
tions with H2O2 concentrations of 5, 10, and 15mM. 
 

Table 1. ZnO deposition conditions 

ZnCl2 Concentration 10mM 

KCl Concentration 0.1M 

H2O2 Concentration 5mM~15mM 

pH values  5~8 

Deposition Voltage -1.75V 

Current Density 0.015ASD~0.03ASD 

Deposition Time 10 min 

Temperature 75  

ZnO deposition parameters  
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ZnO films grown on the CIS substrate, SEM images of a ZnO film 
deposited on CIS for 10 minutes with adding TEA and without 
adding TEA are shown in Fig. 4(c) and (d). It can be seen that a 
ZnO film with a better growth on the CIS substrate containing 
TEA. By contrast, cracks were enlarged and a ZnO film with a poor 
material quality was grown on the CIS substrate without TEA.  To 
investigate the origin, XRD was used to study the crystalline 
structure of the ZnO film on the CIS substrate with and without 
TEA. Fig. 5 (a) and (b) shows XRD spectra for ZnO film deposited 
on CIS for 10 minutes with adding TEA and without adding TEA. 
In the spectra, the crystalline phases of ZnO are (100), (002) and 
(101), and (102) [18] . CIS phases are (112), (220), and (312) [15] 
on the ITO substrate [19]. Strong ZnO crystalline structures can be 
seen on the CIS substrate with TEA as shown in Fig. 5(b). By 
contrast, ZnO crystalline phases can hardly be observed on the CIS 
substrate without TEA as shown in Fig. 5(b). In addition, an 
undesired KSe2 peak can be seen on the XRD spectra. The XRD 
results imply that K+ from KCl in the electrolyte might react with 
Se in the CIS substrate and the reaction might cause peeling of the 
ZnO and cracking of the substrate. Moreover, TEA might suppress 
the reaction between KCl and the substrate. Our further research 
confirms the statement. 

We grew ZnO films on the CIS substrate containing a higher 
concentration of TEA (4.7M) for 10 , 30, and 60 min as shown in 

 

(a)

(b)

Figure 5. (a) XRD patterns of ZnO deposited on CIS for 10 min-
utes with adding TEA (3M). (b) XRD patterns of ZnO deposited 
on CIS for 10 minutes without adding TEA. 

 

(a)  (b) 

(c)  (d) 

Figure 4. SEM images of (a) a CIS film with adding TEA. (b)a 
CIS film without adding TEA (c) a ZnO film deposited on CIS for 
10 minutes with adding TEA and (d) without adding TEA. 

 

(a) 

(b) 

(c) 

Figure 3. (a) A SEM image of a ZnO film on the ITO substrate in a 
solution with a H2O2 concentration of 10mM. EPMA analyses for 
the film with (b) O mapping and (c) Zn mapping. (The scale of (a) 
is the same as (b) and (c)) 
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Fig. 6 (a), (b), and (c). Compared with the CIS substrate with TEA 
addition in a lower concentration of 3M as shown in Fig. 4(c), the 
ZnO film exhibited a better material quality as shown in Fig. 6 (a). 
As the deposition time increased to 60 min, the morphology 
became worse. To study the origin, XRD of ZnO films grown on 
the CIS substrate containing a TEA concentration of 4.7M are 
shown in Fig. 7. As the deposition time increased from 0 to 30 min, 
the ZnO crystalline phases became stronger. However, as the 
deposition time increased to 60 min, the ZnO crystalline phases 
became weaker and the undesired KSe2 phase appeared indicating 
that KCl might react with the CIS substrate at a deposition time at 
60 min. The results confirm that TEA could suppress the undesired 
reaction between KCl and the CIS, which might cause peeling of 
ZnO. 

4. CONCLUSION 

In this research, we grew a ZnO film as a buffer layer on the ITO 
and the CIS substrate by ECD. Multiple material and optical 
analyses were performed to examine  material quality of ZnO 
films. An appropriate amount of H2O2 might enhance the growth of 
the ZnO on the ITO substrate. Furthermore, TEA addition might 
suppress the reaction between KCl and the CIS substrate to 
enhance the growth of the ZnO film on the CIS substrate. The 
ZnO/CIS structure may replace the toxic CdS/CIS structure for the 
further development for the CIS solar cell. 
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(a) 

(b) (c) 

Figure 6. SEM images of ZnO deposited on CIS at pH=1.8 with 
adding TEA (4.7M) for (a) 10 minutes, (b) 30 minutes, and (c) 60 
minutes. 
 
 

 

Figure 7. XRD patterns of ZnO deposited on CIS with adding TEA 
(4.7M)  for (b) 10 minutes, (c) 30 minutes and (d) 60 minutes. (◆ 
: ITO,■: Zinc oxide peak, ♥ : CIS peak) 
 
 


