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Abstract
Herein, we designed and fabricated photovoltaic (PV) devices with optimal efficiency of  Cu2O buffer layers (p-Cu2O/n-
Cu2O/ZnO and p-Cu2O/p−-Cu2O/ZnO) through electrochemical deposition (ECD) processing. PV devices with two types 
of buffer layers, n-Cu2O and  p−-Cu2O, were produced by ECD and consisted of a layer of nanorod ZnO on ITO, an n-Cu2O 
or a  p−-Cu2O buffer layer, a p-Cu2O layer, and a sputtered Ag layer. Results revealed that the interface between the ZnO film 
and the  Cu2O buffer, and thickness of the buffer layer were crucial factors to affect PV device performance. The nanorod 
structure of ZnO transformed into a flake structure during the ECD of n-Cu2O on ZnO. However, ZnO retained the same 
morphology during the ECD of  p−-Cu2O on ZnO. The optimal thicknesses of the  Cu2O buffer in the PV device were obtained 
to enhance the PV efficiency from 0.046 (p-Cu2O/ZnO) to 0.17% (p-Cu2O/p−-Cu2O/ZnO). The p-Cu2O/ZnO PV performance 
was improved through the fabrication and incorporation of  Cu2O buffers.
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1 Introduction

A challenge in the field of photovoltaic (PV) technology 
is the development of high performance PV devices using 
low-cost and environmentally friendly materials, and pro-
cessing methods. Zinc oxide (ZnO) and cuprous oxide 
 (Cu2O), which are abundant and nontoxic, are promising 
candidates for use in various optoelectronic applications, 
including in PVs [1, 2], photocatalysis [3], water splitting 
[4, 5], and sensors [6]. However, the further development 
of the applications is limited by the efficiency and stability 
of  Cu2O-based devices. The performance of such devices 
can be optimized through improvements to their design 
and fabrication.

PV devices generally consist of p–n junctions and 
exist as either homo-junction or hetero-junction struc-
tures.  Cu2O-based PVs have been recently reviewed and 
reported in literature [1, 2]. Through the combination of 
n- and p-Cu2O semiconductors, p–n-Cu2O homo-junction 
PV devices were investigated [7–9]. Although homo-
junction devices are considered superior to hetero-junc-
tion devices as junction interfaces, homo-junction PVs 
exhibited a lower efficiency. The hetero-junction struc-
ture of  Cu2O-based PV devices has been demonstrated to 
substantially improve PV performance.  Cu2O-based PV 
devices with n-ZnO and p-Cu2O have been designed and 
fabricated recently [10–27]. The junction interface of these 
films has been established as an essential factor to influ-
ence the PV performance. Furthermore, the properties of 
ZnO and  Cu2O films have been examined and shown to 
affect PV performance.

The use of ZnO and  Cu2O to produce PV devices has 
been extensively studied. Various approaches for the fab-
rication of ZnO and  Cu2O films have been proposed, such 
as chemical vapor deposition [10, 11], sputtering [12–24], 
thermal oxidation [15, 16], and electrochemical deposi-
tion (ECD) [17–27]. The properties of ZnO and  Cu2O 
films (e.g., crystallinity, morphology, and conductivity) 
and ZnO/Cu2O interface are affected by the fabrication 
method. Although high-quality ZnO and  Cu2O films are 
produced under high-temperature processing conditions, 
the production cost of the PV devices cannot be down. As 
for low-temperature processing, ECD is a popular, simple, 
and low-cost method for ZnO and  Cu2O film fabrication.

Fabricating p-Cu2O/n-ZnO films through ECD is a 
popular approach for PV production. The quality of ZnO 
and  Cu2O films can be controlled by the selection of ZnO 
amd  Cu2O types through ECD processing [17–27]. Numer-
ous types of ZnO nano-structures, such as nano-wires, 
rods, and tubes, can be prepared using various ECD tech-
niques. ECD processing of  Cu2O on ZnO films has been 
extensively explored in investigating the properties of the 

 Cu2O/ZnO films in the studies. Device performance can 
be improved through the design of specific ZnO nano-
structures due to the particular properties that each struc-
ture exhibits at the interface. However, defect formation 
at the ZnO/Cu2O interface caused current leakage and 
electron–hole recombination, which occurred in the defect 
region, further resulting in poor device performance.

Junction damage at the  Cu2O/ZnO interface can be cir-
cumvented by designing a buffer layer between the interfaces 
[28–36]. A ZnO buffer layer was designed and fabricated 
between a  Cu2O and an Al-doped ZnO layer to alter p–n 
junction behavior [30]. A p-Cu2O buffer layer was fabricated 
between a ZnO and a  P+-Cu2O layer to increase free electron 
generation and to prevent electron–hole recombination [31, 
32]. Various layers of buffers, including those made of CdS 
[33, 34], GaP [35], and ZnOS [36], were studied for use in 
 Cu2O/ZnO PV devices. These buffer layers in the device 
served as an energy barrier to prevent current leakage in the 
p–n junction, thus increasing the Voc. The Jsc of the device 
also increased, which was attributed to a reduction in the 
occurrence of electron–hole recombination as a result of the 
presence of the buffer layers. Taken together, these find-
ings demonstrate the importance of preventing ZnO/Cu2O 
junction defects during ECD processing under the goal of 
enhancing PV performance. Herein, a  Cu2O buffer layer was 
design and fabricated in a p-Cu2O/ZnO PV device through 
ECD processing. Two types of buffer layers, n-  Cu2O and 
 p−-Cu2O, were examined and their effects on the PV per-
formance were determined. The influence of the buffer 
layer on the PV device was evaluated using data obtained 
by solar simulation. The optimal fabrication method of the 
 Cu2O buffer for the device was identified; furthermore, the 
improvement of the device performance in the presence of 
the  Cu2O buffer is discussed.

2  Experimental section

2.1  ECD of ZnO and  Cu2O films

Several ECD solutions were prepared for the fabrication 
of ZnO, n-Cu2O,  p−-Cu2O, and p-Cu2O films. Zinc nitrate 
Zn(NO3)2 solutions (pH = 5) at 0.01 M thoroughly stirred at 
70 °C for 60 min. were prepared for ECD of the ZnO film. 
The ECD solution of n-Cu2O was prepared using copper (II) 
nitrate (Cu(NO3)2) solutions at 0.01 M and pH = 5. The solu-
tions used for  p−-Cu2O and p-Cu2O deposition were mixed 
of copper (II) sulfate (Cu(SO4)) at 0.02 M and lactic acid 
solution at pH = 9 and 11, respectively, by the adjustment 
of NaOH. The deposition of the ECD films used an electro-
chemical analyzer type 6081 C with a three-electrode cell 
provided by CH Instruments in the ECD system. The depos-
ited films were carried out using indium doped tin oxide 
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(ITO) as the working electrodes. ITO glass is a commercial 
product and was purchased from AimCore Technology Co., 
Taiwan. The counter electrode consisted of platinum and the 
reference electrode was an Ag/AgCl electrode in 3 M KCl 
solution. The potential value of the reference Ag/AgCl vs 
NHE is 0.198 V. The temperature of the deposition bath was 
maintained at 70 °C for the production of all the ECD films. 
After the deposition processing was completed, the proper-
ties of the fabricated ECD films were further characterized.

2.2  Fabrication of p‑Cu2O/  Cu2O buffer/ZnO devices

The schematic plot of the p-Cu2O/Cu2O buffer/ZnO device 
is shown in Fig. 1. Two kinds of  Cu2O buffer layers, n-Cu2O 
and  p−-Cu2O, were designed and fabricated in the PV device. 
The PV device was fabricated through ECD processing. The 
first step of the device fabrication was to deposit ZnO film 
on ITO through ECD processing by setting the potential 
at − 1.0 V. After ECD, the ZnO film was thermally treated 
using rapid thermal annealing at 300 °C. The  Cu2O buffer 
layer, either n-Cu2O or  p−-Cu2O, was then deposited on top 
of the annealed ZnO film by setting potential at − 0.02 V 
and − 0.4 V, respectively. After the deposition of the buffer 
layer, p-Cu2O was deposited on the buffer layer. Ag film was 
sputtered on the p-Cu2O film as the electrode in the device. 
After the PV devices were produced through the ECD pro-
cessing, the device performance was further evaluated by 
analytical measurements.

2.3  Characterization of ECD films and PV devices

Several analytical instruments were used to determine the 
properties of the deposited ECD films. The crystal struc-
ture of the produced ECD samples was measured by X-ray 
Diffraction (XRD, SHIMADZU XRD-6000). The mor-
phologies of the ECD samples were illustrated by SEM 
(HITACHI S-3000H). The semiconductor characteristics of 

the prepared PV devices were analyzed by current–voltage 
(I–V) measurements. Electronic characteristics of the  Cu2O 
samples, produced by ECD processing, were estimated using 
I–V curves of the sample films, and were measured using 
a SourceMeter (Keithley model 2400). The photovoltaic 
devices were carried out the measurements of the cell effi-
ciency tests, utilizing a solar cell evaluation system (180 W 
Solar Simulation equipment, model YSS-50 provided by 
Yamashita Denso Corp.).

3  Results

3.1  Characterization of ZnO and  Cu2O

The crystal structure of the ECD films was characterized 
through XRD analysis as shown in Fig. 2a. An XRD pat-
tern with a significant peak at 34.4° (002) and minor peaks 
at 31.7° (100), 36.2° (101), 47.2° (101), 62.8° (103), and 
72.5° (004) was observed for the ZnO film. The pattern cor-
responds to the hexagonal structure of ZnO crystals (JCPDS, 
no. 89-0510). The peaks at 29.2° (110), 36.4° (111), 42.3° 
(200), 62.0° (220), and 73.2° (311), correspond to the cubic 
crystal structure of  Cu2O (JCPDS, no. 05-0667). An XRD 
pattern with significant peaks at 34.4° (ZnO) and 36.4° 
 (Cu2O) exhibits a combination of the peaks of ZnO and 
 Cu2O and corresponds to the  Cu2O/ZnO structure. The sizes 
of ZnO and  Cu2O crystals were estimated through the use 
of XRD patterns and the Scherrer equation to be 48 nm and 
54 nm, respectively. The crystal structures resulting from 
the fabrication of the ECD films are consistent with those 
reported in literature [6, 9].

The morphologies of the ZnO,  Cu2O, and  Cu2O/ZnO 
films were analyzed using SEM as shown in Fig. 2. The ZnO 
particles were rod-shaped, with diameters of 450 nm and 
heights of 500 nm (Fig. 2b). The ZnO film was employed as 
the bottom layer of the PV device. Figure 2c demonstrates 
that the  Cu2O particles produced through ECD on ITO were 
pyramid-shaped, with lengths of 1 μm. By contrast, the 
 Cu2O particles, deposited on ZnO, were cube-shaped and 
had larger edge lengths of 1.2 μm, as shown in Fig. 2d. This 
indicates that the morphological formation of the deposited 
 Cu2O is affected by the presence of ZnO. Details on the 
properties of the ECD films of ZnO and  Cu2O, can be found 
in our previous studies [37, 38].

3.2  Characterization of  Cu2O buffers and ZnO films

Three types of  Cu2+ precursors were evaluated for use in 
the fabrication of  Cu2O buffer layers on ZnO films through 
ECD. The first precursor, a copper acetate solution, was used 
to deposit  Cu2O onto the ZnO film. Dendritic particles of 
n-Cu2O that formed on ITO in the absence of ZnO presented Fig. 1  Plot of the layer structure for the  Cu2O-based PV device
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in the inset of Fig. 3a. However, when  Cu2O was deposited 
on top of the ZnO film, the ZnO film was damaged. Some 
areas on the ZnO film were removed from the substrate 
during the ECD process (Fig. 3a). Although  Cu2O can be 
fabricated using copper acetate solution as the precursor, 
the deposition of  Cu2O on ZnO resulted in the formation 
of defects on the ZnO film. This ECD process for the fab-
rication of n-Cu2O as a buffer layer for PV devices was not 
further considered.

Use of the second precursor, a  CuNO3 solution (pH = 5) 
resulted in the deposition of cubic particles onto ITO, as 

Fig. 2  a XRD patterns, and SEM images of b ZnO, c p-Cu2O, and d 
p-Cu2O/ZnO films prepared using ECD processing

Fig. 3  SEM images of ECD using a copper acetate, b copper nitrate, 
and c copper sulfate solutions as precursors to deposit  Cu2O particles 
on ZnO film
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shown in the inset of Fig. 3b [37]. However, when  Cu2O 
was deposited on the ZnO film, the rod structure of ZnO film 
transformed to a flake structure. A mixture of small cubic 
 Cu2O structures and flake-like ZnO structures was observed 
(Fig. 3b). Unlike the film obtained using the copper acetate 
solution, the  Cu2O/ZnO film obtained using the  CuNO3 
solution remained intact. Use of the third precursor, a  CuSO4 
solution (pH = 9), resulted in the deposition of pyramid-like 
particles on ITO as presented in the inset of Fig. 3c and 
 p−-Cu2O semiconductor was reported in literature [6]. When 
 p−-Cu2O was deposited on the ZnO film, the ECD particles 
became cube-shaped (Fig. 3c). The  p−-Cu2O/ZnO film was 
formed without the ZnO film sustaining any damage. Based 
on the results, n-Cu2O or  p−-Cu2O were considered potential 
buffer layers for the fabrication of the present PV devices.

3.3  Multi‑layer PV device performance

Two types of multi-layer PV devices were designed and fab-
ricated using ECD. The first type consisted of an n-Cu2O 
buffer layer between p-Cu2O and ZnO films (p-Cu2O/n-
Cu2O/ZnO). The thickness of the n-Cu2O layer was con-
trolled through the use of varying deposition periods. The 
PV parameters of the device, including the short circuit 
current (Jsc), open circuit voltage (Voc), fill factor (FF), and 
efficiency (η), were evaluated using solar simulation data 
(Fig. 4a). The PV parameters of the p-Cu2O/ZnO device 
without n-Cu2O were 0.6 mA  cm−2 (Jsc), 0.26 V (Voc), 0.3 
(FF), and 0.046% (η), as listed in Table 1a. When the deposi-
tion period was set at 100 s, the efficiency of the p-Cu2O/n-
Cu2O/ZnO device became poor (η = 0.032%), compared with 
that of the p-Cu2O/ZnO device. Although the Jsc rose, a cor-
responding reduction in the Voc led to poor device perfor-
mance. One possible reason for this is the formation of flake-
like ZnO structures formation during the ECD of n-Cu2O 
(Fig. 3b). A series current leakage at the  Cu2O/ZnO interface 
in the device may have resulted according to current–voltage 
(I–V) curves, as shown in Fig. 4b. At a deposition of 300 s, 
device efficiency improved (η = 0.13%) and maximum PV 
parameters were noted (Table 1a). A further increase in the 
deposition period to 600 s did not result in an improvement 
in device performance. Overall, the results suggest that the 
thickness of the n-Cu2O layer strongly affects PV device 
performance.

The second PV device consisted of a  p−-Cu2O buffer 
layer between p-Cu2O and ZnO films (p-Cu2O/p−-Cu2O/
ZnO). The PV performance of the p-Cu2O/p−-Cu2O/ZnO 
devices under varying deposition periods of the  p−-Cu2O 
were evaluated using solar simulation data. Figure 5a pre-
sents the I–V curves for devices fabricated under deposi-
tion periods between 0 and 1500 s. The PV parameters of 
the devices were determined using the I–V data (Table 1b). 
The device efficiencies appear to be strongly influenced 

by Jsc for all deposition periods of  p−-Cu2O. The p-Cu2O/
p−-Cu2O/ZnO devices with  p−-Cu2O deposited between 
100 and 900 s performed better than the device without 
 p−-Cu2O (0 s). For example, the PV device in the 100 s 
case exhibited a higher PV efficiency (0.083%) than that 
in 0 s case (0.046%). This suggests that the presence of a 
thin  p−-Cu2O layer can enhance device performance. The 
optimal device efficiency (η = 0.17%) was found under a 
900 s deposition period and corresponded to the highest Jsc 
among all cases. However, PV efficiency decreased when 
the deposition period of  p−-Cu2O was longer than 900 s, 
mainly due to the reduction in Jsc. The dark I–V distribu-
tion of the devices revealed that the devices exhibited poor 
diode performance (Fig. 5b). The results indicate that the 
thickness of the  p−-Cu2O layer in a PV device is critical 
for PV performance.
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Fig. 4  Various deposition periods of n-Cu2O in p-Cu2O/n-Cu2O/ZnO 
PV devices for a solar simulation and b dark I–V curve measurements



1464 Journal of Applied Electrochemistry (2022) 52:1459–1467

1 3

4  Discussion

The design of a buffer layer, such as n-Cu2O and  p−-Cu2O, 
for incorporation into p-Cu2O/ZnO devices can greatly affect 
device performance. When thin n-Cu2O and  p−-Cu2O buff-
ers were deposited for 100 s, the p-Cu2O/n-Cu2O/ZnO and 
p-Cu2O/p−-Cu2O/ZnO devices varied significantly. The 
device containing a thin  p−-Cu2O layer exhibited a higher 
efficiency than did the device containing a thin n-Cu2O layer. 
The apparent difference between Voc for the  p−-Cu2O case 
(0.31 V) and the n-Cu2O case (0.12 V) is at its greatest at 
this deposition time. The lower Voc obtained for the p-Cu2O/
n-Cu2O/ZnO device was due to the change in the morphol-
ogy of the n-Cu2O/ZnO interface during ECD processing 
at 100 s (Fig. 3b). During n-Cu2O deposition, ZnO flakes 
formed on the ZnO film, damaging the p–n junction in the 
device. Current leakage occurred as observed in the dark 
I–V curve distribution as illustrated in Fig. 4b. In contrast, 
the interface between  p−-Cu2O and ZnO layers remained 
intact after the deposition of  p−-Cu2O (Fig. 3c). The higher 
Voc of the p-Cu2O/p−-Cu2O/ZnO device is ascribable to the 
formation of an effective p–n junction diode, as shown by 
the dark I–V curve in Fig. 5b. This is probably because the 
deposition of  p−-Cu2O on ZnO in an ECD solution with 
pH = 9 was less harmful to the ZnO surface [6]. The ZnO 
film was thus protected by a thin  p−-Cu2O for further depo-
sition of p-Cu2O in an ECD solution with pH = 11. These 
results indicate that thin n-Cu2O and  p−-Cu2O buffer layers 
differ in their impacts on PV device performance.

The thickness of the buffer layers in PV devices greatly 
affects device performance [30]. The PV efficiencies 
peaked at deposition periods of 600 s and 900 s cases for 
p-Cu2O/n-Cu2O/ZnO (Table 1a), and p-Cu2O/p−-Cu2O/ZnO 
(Table 1b), respectively. SEM images of the layers of the 
PV devices corresponding to the maximum efficiencies were 
shown in Fig. 6. Figure 6a reveals each layer of the p-Cu2O/
n-Cu2O/ZnO device. The n-Cu2O and ZnO layers cannot 
be clearly distinguished because of the formation of ZnO 
flakes (Fig. 3b). The thicknesses of the layers in the p-Cu2O/
n-Cu2O/ZnO are approximately 1500 nm (p-Cu2O) and 
500 nm (n-Cu2O/ZnO). The layers of the optimal p-Cu2O/
p−-Cu2O/ZnO are shown in Fig. 6b. The thicknesses of each 
layer of the device are approximately 1500 nm (p-Cu2O), 
660 nm  (p−-Cu2O), and 500 nm (ZnO), respectively. In both 
devices, all PV parameters peaked because of the presence 
of the buffer layer. One possible reason for this is that an 
effective p–n junction diode was formed for the optimal 
 Cu2O buffer for each device. The p–n junction causes a 
depletion region to form in the  Cu2O buffer between the ZnO 
and p-Cu2O layers, where useful electron–hole pairs can be 
stimulated by incident light. The distribution of the depletion 
region in PV devices containing buffer layers differs from 
those of PV devices without buffer layers. The Photocur-
rent (Jsc) of the devices with buffer layers increased, likely 
because the stimulated electrons and holes could separate 
effectively, and avoid recombination, thus extending the car-
rier lifetime in the devices [39]. Consequently, PV device 
performance was enhanced. The present study demonstrates 

Table 1  PV parameters for various deposition periods of (a) n-Cu2O in p-Cu2O/n-Cu2O/ZnO and (b)  p−-Cu2O in p-Cu2O/p−-Cu2O/ZnO devices 
obtained under AM1.5 illumination

(a)

Time/s 0 100 300 600

Voc/V 0.26 0.125 0.327 0.282
Jsc/mA  cm−2 0.60 0.95 1.04 0.86
FF 0.30 0.27 0.38 0.3
η/% 0.046 0.032 0.13 0.073

(b)

Time/s 0 100 300 600 900 1200 1500

Voc/V 0.26 0.31 0.29 0.29 0.31 0.33 0.31
Jsc/mA  cm−2 0.60 0.81 1.09 1.01 1.16 0.173 0.143
FF/- 0.30 0.33 0.41 0.47 0.47 0.39 0.33
η/% 0.046 0.083 0.13 0.135 0.17 0.022 0.014
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that the proper design and fabrication of a buffer layer in a 
p-Cu2O/ZnO device can substantially enhance the PV device 
performance.

5  Conclusion

The design and fabrication of p-Cu2O/n-Cu2O/ZnO 
and p-Cu2O/p−-Cu2O/ZnO PV devices was investigated 
through ECD techniques. Two types of buffer layers, 
n-Cu2O and  p−-Cu2O, were used to study the influence 
of buffer layers on PV device performance. The interface 
between the ZnO film and the  Cu2O buffer, and thickness 
of the buffer layer were identified as crucial determinants 
of PV device performance. The nanorod structure of 
the ZnO film transformed into flake-like structure when 
n-Cu2O was deposited onto the ZnO film. By contrast, 
the nanorod structure of the ZnO film was maintained 
throughout the ECD of  p−-Cu2O on ZnO. The optimal PV 
performance for both devices was achieved when the opti-
mal thicknesses of the n-Cu2O and  p−-Cu2O buffer layers 
were obtained for their respective PV devices. The optimal 
efficiency of the PV devices was achieved through the fab-
rication and incorporation of  Cu2O buffers and enhanced 
from 0.046 (p-Cu2O/ZnO) to 0.13% (p-Cu2O/n-Cu2O/
ZnO) and 0.17% (p-Cu2O/p−-Cu2O/ZnO).
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Fig. 5  Various deposition periods of  p−-Cu2O in p-Cu2O/p−-Cu2O/
ZnO PV devices for a solar simulation and b dark I–V curve measure-
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