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Piezophototronic Effect Enhanced Photoresponse of the 
Flexible Cu(In,Ga)Se2 (CIGS) Heterojunction Photodetectors

Shuang Qiao, Jihong Liu, Xiaona Niu, Baolai Liang, Guangsheng Fu, Zhiqiang Li,*  
Shufang Wang,* Kailiang Ren,* and Caofeng Pan*

The Cu(In,Ga)Se2 (CIGS) heterojunction, as a mature and high efficiency 
thin-film solar cell, is rarely studied as a photodetector, especially in 
flexible substrates. In this paper, the structure of an ITO/ZnO/CdS/CIGS/
Mo heterojunction is grown on the polyimide (PI) substrate to form a 
flexible CIGS heterojunction photodetector. The photodetector can work 
in a very wide band ranging from 350 to 1200 nm with responsivity up to 
1.18 A W−1 (808 nm), detectivity up to 6.56 × 1010 Jones (cmHz1/2 W−1), and 
response time of 70 (/88) ms, respectively. Moreover, the piezophototronic 
effect is first used to investigate performance modulation of this device 
by effectively controlling the separation and transport of carriers at the 
interface of CdS/ZnO. Interestingly, by externally applying a 0.763% tensile 
strain, the photoresponsivity and detectivity of the photodetector exhibit a 
decrease from 1.18 to 0.88 A W−1, and from 6.56 × 1010 to 4.81 × 1010 Jones, 
respectively, while under a –0.749% externally static compressive strain, 
the photoresponsivity could be enhanced by ≈75.4% with a maximum of 
2.07 A W−1, and the detectivity is improved by ≈66.1% with its peak value up 
to 10.9 × 1010 Jones. Meanwhile, the response time can be modulated from 
99(/116) to 41.3(/42.6) ms. This work suggests that the CIGS heterojunction 
has great potential in novel applications for piezophototronic sensors 
and also gives a hint to modulate the performance of other multilayer 
heterostructures via the piezotronic effect.
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1. Introduction

Photoelectric sensors, which can be 
used to convert optical signals into elec-
trical signals, are gaining considerable 
interest due to their increased need for 
high sensitive, ultrafast, and broadband 
photodetections including night-vision 
imaging, optical communication, bio-
medical thermal imaging, environmental 
monitoring, defense technology, and 
motion detection.[1–7] Based on previous 
works on homojunction or heterojunction 
photodetectors, most of these reported 
device structures are operated in photo-
voltaic mode, the physical principle of 
which is the same as the corresponding 
photovoltaic devices (solar cells). There-
fore, till now, some photovoltaic struc-
tures have already been developed into 
various high performance optoelectronic 
devices, such as Si p–n junctions,[8] GaAs/
AlGaAs heterostructures,[9] dye-sensitized 
structures,[10] quantum-dots,[11] and per-
ovskites.[12] However, there are still other 
highly efficient solar cell structures not 
being considered as photodetectors. One 
of the most significant structures is the 

thin-film solar cell based on chalcopyrite Cu(In,Ga)Se2 (CIGS). 
CIGS is a direct band gap semiconductor with tunable band 
energy (1.04–1.67  eV), large optical absorption coefficient 
(≈105 cm−1),[13–15] outstanding thermal, environmental and elec-
trical stabilities,[16,17] the properties of which are even superior 
to those of conventional crystalline Si and GaAs semiconduc-
tors. More importantly, the CIGS heterojunction has gained 
widespread reputation as a mature solar cell technology simulta-
neously with very high efficiencies[18] and can be manufactured 
on both rigid and flexible substrates.[19,20] These excellent per-
formances make CIGS great potential application in optoelec-
tronic sensors, thus in order to exploit the application of CIGS 
in photodetector other than the field of solar cells, the photode-
tection properties were well studied for photoelectric sensing.

Moreover, from most of the reported optoelectronic sensors, 
the generation and separation efficiency as well as the transport 
behavior of the photogenerated carriers are very important to 
the photoresponse performances of devices. Piezotronic effect, 
which is considered as a new physical mechanism to regu-
late separation and transport of carriers by piezoelectric field 

Photovoltaic Devices
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because of charge polarization in piezoelectric semiconduc-
tors, can be used to modulate carriers separation and transport 
across the junctions/interfaces through piezoelectric polari-
zation field.[21,22] As this modulating effect is supposed to be 
a general effect, lots of studies have been done since its first 
discovery by Wang and Song,[23] unfolding its potential appli-
cations in various fields including optoelectronics, flexible 
electronics, sensors, solar cells, and human—electronics 
interfacing.[24–29] Although, extensive investigations in piezo-
tronic or piezophototronic effects have been carried out in  
different materials and structures experimentally and theoreti-
cally, and significant improvements have been demonstrated on 
the performance of these devices, this effect has not been used 
to modulate the carriers transport at the interface of the CIGS-
based multilayer heterojunction and how it affects the perfor-
mance of the CIGS photodetector still remains unknown.

Here, high-performance broadband photodetector based 
on flexible polyimide (PI)/Mo/CIGS/CdS/ZnO/Indium tin 
oxides (ITO) heterojunction operating in the wide wavelength 
range from visible to near-infrared was successfully fabricated. 
The photodetector exhibits high photoelectric performance 
with photoresponsivity, detectivity, and response time up to 
1.18 A W−1, 6.56 × 1010 Jones (cmHz1/2 W−1), and 70 (/88) ms 
for 808  nm laser, respectively. In addition, by introducing pie-
zophototronic effect of the ZnO nanowire under externally 
applied strain on this device, the photoresponsivity, detectivity, 
and response speed of the CIGS-based photodetector are sig-
nificantly modulated because of the modification of the inter-
face properties at the CdS/ZnO junction. Under a bias voltage 
of −2  V, the photoresponsivity can be modulated from 0.88 to 

2.07 A W−1, the detectivity can be modulated from 4.81 × 1010 to 
10.9 × 1010 Jones, and response time changes from 99(/116) to 
41.3(/42.6) ms when an externally strain is applied from a ten-
sile strain of 0.763% to a compressive strain of -0.749%. This 
can be attributed to the lowered and heightened junction barrier 
of CdS and ZnO because of negative and positive polarization 
charges that are generated at the c end of the (0002) oriented 
ZnO nanowire induced by its piezotronic effect. Our results 
demonstrate that the fabricated ITO/ZnO/CdS/CIGS/Mo/PI 
heterojunction shows great potential applications in visible near-
infrared photodetectors, and more importantly, the capability of 
effectively modulating the performances of CIGS heterojunction 
optoelectronic sensors via the piezophototronic effect.

2. Results and Discussion

The structure of ITO/ZnO/CdS/CIGS/Mo/PI heterojunc-
tion photodetector is schematically shown in Figure 1a. The 
scanning electron microscope (SEM) top view image of ZnO 
nanowire arrays was shown in Figure 1b, illustrating the ZnO 
nanowires are uniformly distributed on the substrate and 
exhibit obviously hexagonal prism shape with diameters of 
60–80 nm. Figure 1c gives the cross-section SEM image of the 
ZnO/CdS/CIGS/Mo film. Each layer is well prepared with dis-
tinct interface, and the ZnO nanowire arrays are perpendicu-
larly prepared on the CdS layer with length of ≈0.5 µm. X-ray 
diffraction (XRD) was used to characterize the crystal structure 
and phase purity of the sample by using a high-resolution four 
circles diffractometer, as shown in Figure 1d. Besides the CIGS 
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Figure 1.  a) Structure diagram of ITO/ZnO/CdS/CIGS/Mo/PI photodetector. b) SEM top view image of ZnO nanowires. c) SEM cross-section view 
image of the ZnO/CdS/CIGS/Mo sample. d) XRD diffraction pattern obtained from the device.
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and Mo diffraction peaks, only the (0002) diffraction peak at 
2θ = 34.35° is observed, illustrating that ZnO nanowire can be 
indexed to a c-axis oriented hexagonal wurtzite structure, which 
enables the potential for the piezoelectric property.

Figure 2a gives the transmission spectra of CIGS film pre-
pared on a quartz glass substrate under conditions the same 
as that on the PI substrate. It is clear that the CIGS film has 
a wide absorption band ranging from ≈350 to ≈1200 nm, and 
the external quantum efficiencies (EQE) are all very high nearly 
in the whole range,[7] indicating this heterojunction is suitable  
for visible near-infrared photodetector. To investigate the photo
response performances of the CIGS heterojunction photo-
detector, the current–voltage (I–V) characteristics were well 
studied between −2 and +2 V in the dark and under different 
power densities ranging from 1.5 to 33 mW cm−2 with 808 nm 
laser illumination, as shown in Figure 2b. The CIGS hetero-
junction exhibits obvious photovoltaic activities where the 
forward-biased current keeps nearly constant, while the reverse-
biased current increases gradually with increasing laser power 
densities. It is usually thought that a device with this photovol-
taic property can work without any external power supply; thus, 
the CIGS heterojunction can be used as a kind of self-powered 
optoelectronic sensors, which may be a prospective candidate 
for low or no energy consumption photodetectors, especially 
with flexible substrate.

Moreover, the relationship of photoresponse performances 
with laser power densities was also investigated. It is clear that 
the photocurrents highly depend on the power densities within 
the measurement range under different reverse bias voltages, 
with the corresponding photocurrent for each power density 
shown in Figure 2c. The dependence of photocurrent on power 
density can be written by a power law[30]

phI CP= α 	 (1)

where Iph is the photocurrent, P is the laser power density, 
C represents a proportional coefficient, and α represents an 
exponent factor determining the response of the photocurrent 
to power density. In this device, α is only extracted to be 0.34 
by fitting the photocurrent results at reverse bias voltage of  
-0.5  V based on above formula 1, and this small exponent 
factor may be ascribed to the complex process of carriers gen-
eration, recombination, and trapping within the CIGS multilay-
ered heterojunction.[31]

Based on the power density-dependent photocurrent, the 
photoresponsivity (R), which is a critical parameter related to 
the photodetector sensitivity, can be gotten by the equation as 
follows[32]

phR
I

AP
= 	 (2)

where A represents the active area of the photodetector  
(≈0.785 mm2). According to formula 2, photoresponsivity of 
the CIGS heterojunction is extracted to be 1.18 A W−1 under 
illumination of 1.5  mW cm−2 (Figure 2d), which is obviously 
larger than these reported values for most Si-based photo
detectors.[33–36] Besides, detectivity (D*), as another key 
parameter, which represents the capability of a photodetector 
for weak optical signal detections, can be estimated according 
to the following expression[32]

( )
=*

2q d
0.5D

R

J
	 (3)
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Figure 2.  a) Transmission spectra of CIGS film on the glass. b) I–V curves of the photodetector under 808 nm illumination of different power densities. c) 
Power density-dependent photocurrents at -0.5, -1.0, -1.5, and −2.0 V, respectively. d) Extracted photoresponsivity and detectivity for each power density.
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Where Jd is the dark current density. As the dark current is 
relatively large for this heterojunction, which may be due to 
the nonoptimal preparation condition at the PI substrate, 
the maximum detectivity is estimated to be 6.56  ×  1010 Jones  
(Jones = cmHz1/2 W−1), but it is still superior or comparable 
to many other heterojunction photodetectors.[37–39] More impor-
tantly, we also measured the photodetector under illumina-
tion of other lasers with wavelengths of 405, 532, and 980 nm, 
respectively, the wavelength-dependent photoresponse is con-
sistent with the EQE result of this structure solar cell, further 
indicating the wide spectral range of the photodetector, as 
shown in Figure S1 (Supporting Information).

It has been found that wurtzite structure semiconductors, 
such as CdS, ZnO, and GaN, would exhibit piezoelectric effect 
properties under strains because of their noncentral symmetric 
crystal structures, and the piezoelectric polarization-induced 
piezopotential is capable of modulating carriers separation and 
transport across the junctions/barriers. However, from the pre-
vious reports, piezopotential is usually utilized to directly modify 
the interface properties at the photoexcited region (meaning 
that piezoelectric semiconductors are either worked as light 
absorption layers or used to produce a junction with the other 
absorption layer),[22–26,40–43] how the piezotronic effect affects 
the performance of multilayer heterojunction is still unknown, 
especially without piezoelectric layer in the photoexcited region.

Then, in order to well understand the photoresponse per-
formances of this multilayer heterojunction through the piezo-
tronic effect of ZnO nanowires, different static compressive 
and tensile strains were applied on the device with a schematic 

representation of the compressive testing set up shown in 
Figure 3a. I–V curves of the CIGS heterojunction photodetector 
were measured under a series of compressive strains ranging 
from 0.0% to -0.798% without laser illumination and plotted in 
Figure 3b. The relevant output current increases simultaneously as 
a static compressive strain is applied, especially in a large forward 
bias (the output current is nearly linearly proportional to the com-
pressive strain at 2 V, as illustrated in the inset of Figure 3b), and 
the calculated rectification ratio of the heterojunction increased 
from 11.2 to 15.1, which can be associated with the modulation 
of a junction barrier via piezotronic effect caused by the externally 
applied tensile strain on the ZnO piezoelectric semiconductor.[40] A 
808 nm laser with ten different power densities (ranging from 1.5 
to 33 mW cm−2) was then introduced and illuminated on the CIGS 
heterojunction photodetector, with the schematic representation 
of measurement and a typical series of I–V curves for different 
strains under 19 mW cm−2 illumination shown in Figure 3c. Dif-
ferent from that without laser illumination, the obvious enhance-
ment of output current in reverse bias was observed. The device 
output photocurrents under each power density and each external 
strain at −2 V were collected and summarized in Figure 3d. The 
output photocurrent can be improved by increasing the external 
compressive strain in the whole power density range, and it seems 
that the increasing rate of photocurrent is larger for higher power 
densities as the external strain increases from 0% to -0.749%, 
which indicates the significant performance enhancement of the 
CIGS heterojunction photodetector via the piezophototronic effect. 
According to the piezotronic effect-induced improved photo
current at the reverse bias, the photoresponsivity and detectivity 
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Figure 3.  a) Schematic structure of CIGS heterojunction device under a compressive strain. b) I–V curves of the photodetector in dark with applying 
different external compressive strains (the inset is the output current as a function of external strain at 2 V). c) I–V curves of the photodetector with 
applying different external compressive strains and under 808 nm illumination of 19.0 mW cm−2 (the inset is the measurement diagram). d) 3D scatter 
plot of the photocurrent for different compressive strains and laser power densities at −2 V.
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are further calculated for all power densities and external strains at 
the −2 V reverse bias, as seen in Figure 4a,b, respectively. Both R 
and D* gradually increase with external strain without depending 
on the power density. The relative changes of them are given in 
Figure 4c,d, respectively, which is defined as (R–R0)/R0  × 100% 
and (D*–D*0)/D*0 × 100%), where R0 (/D*0) represents the photo
responsivity (/detectivity) without adding strain, and R (/D*) 
represents the photoresponsivity (/detectivity) under a certain 
compressive strain. The enhancement of photoresponsivity and 
detectivity can reach a maximum of 75.4% and 66.1% for 808 nm 
illumination, respectively.

To verify that the performance enhancement in the CIGS 
heterojunction photodetector is dominated by the polar piezo- 
phototronic effect under the compressive strain, the device 
was also explored by adding a tensile strain, as illustrated in  
Figure S2a (Supporting Information). I–V curves of the CIGS 
heterojunction photodetector as a function of externally applied 
tensile strain without and with 808  nm laser illumination  
(19.0  mW cm−2) are presented in Figure S2b,c (Supporting 
Information), respectively. The forward output current gradually 
decreases with increasing external strain in both conditions, and 
the reverse photocurrent also decreases with increasing external 
strain under illumination, which is just opposite to that of com-
pressive strain. Under each power density, the output photocur-
rents, the corresponding photoresponsivities, and detectivities as 
a function of external tensile strain at −2  V were extracted and 
summarized in Figures S2d and S3ab (Supporting Information), 
respectively. Obviously, the photoresponse performances gradu-
ally decrease with increasing the external strain in the whole laser 
power density range, indicating that the positive piezo-charges 
created at the +c end of ZnO nanowires exhibit a negative impact 

on the separation and transport properties of the photogenerated 
carriers. Moreover, both the photoresponsivities and the detec-
tivities of other three wavelengths show the similar changing ten-
dency with external strains changing from -0.749% to 0.763% as 
that of 808 nm, as shown in Figure S4 (Supporting Information).

As the CdS and ZnO layers may all exhibit piezoelectric prop-
erties in traditional CIGS heterojunction, thus in order to further 
confirm the piezotronic effect is derived from the ZnO nanowires 
but not the CdS film or ZnO film, the other CIGS heterojunc-
tion photodetector without ZnO nanowires was also fabricated. 
I–V characteristics of the photodetector without and with 808 nm 
laser illumination are shown in Figure S5a (Supporting Informa-
tion). No obvious changes were observed in the output currents 
of the CIGS heterojunction photodetector at forward bias of +2 V 
in dark and at reverse bias of −2 V under 808 nm laser illumina-
tion, respectively, as the externally strain is applied from 0.67% to 
-0.71% (Figure S5b, Supporting Information). This deeply and 
strongly indicates that the performance modulation of the CIGS 
heterojunction photodetector can be attributed to the piezopho-
totronic effect of c-axis preferential ZnO nanowires but not the 
amorphous or polycrystalline CdS and ZnO films.

At last, response speed and repeatability of CIGS hetero-
junction photodetector were investigated under a constant 
bias of −2  V and various external tensile and compressive 
strains by switching the 808  nm laser with a fixed illumina-
tion of 19.0  mW cm−2, as shown in Figure 5a. The balanced 
output photocurrent keeps nearly all constant in the measured 
laser turn on and off cycles (about 50 cycles) for each external 
strain condition, indicating the good consistency and excellent 
repeatability of photoresponse for the CIGS heterojunction  
photodetector. The rise and fall times of the photodetector as 

Adv. Funct. Mater. 2018, 28, 1707311

Figure 4.  a) Responsivity, b) detectivity, and relative changes of c) responsivity, d) detectivity under different compressive strains and illumination 
power densities.
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a function of the externally compressive and tensile strains 
were extracted by the magnified photocurrent-time (I–t) curve 
and summarized in Figure 5b. As the external strain changes 
from 0.763% to -0.749%, the rise time markedly decreases  
from 99 to 41.3 ms, and fall time decreases from 116 to 42.6 ms, 
which correspond to a 58.3% and 63.3% reduction, respectively. 
The significant modulation in photoresponsivity, detectivity, and 
response speed of the CIGS heterojunction photodetector indi-
cates that the compressive strain-induced positive piezo-charges 
located at the c end of ZnO nanowires largely enhance the 
separation and transport behavior of photogenerated carriers, 
but the tensile strain-induced negative piezo-charges located at 
the c end of ZnO nanowires would reduce the separation and 
transport behavior of photogenerated carriers.

Energy band diagrams of the ITO/ZnO/CdS/CIGS/Mo/PI 
heterojunction under tensile and compressive strain conditions 

are carefully analyzed to illustrate the physical mechanisms of 
the piezophototronic effect on the performances of the CIGS 
heterojunction photodetector. When the device was illuminated 
by a 808 nm laser, the electron–hole pairs were mainly gener-
ated in the CIGS layer. The photogenerated charge carriers can 
reach the depletion by diffusion and then are swept to the back 
and surface sides of the heterojunction by the internal field, 
as illustrated in Figure 6a. Here, different from other hetero-
junctions, there are two depletion regions in this CIGS het-
erojunction at the interfaces of CIGS/CdS junction and CdS/
ZnO junction. However, considering the piezophototronic 
effect of ZnO nanowires mainly have an effect on the deple-
tion regions at the interface of CdS/ZnO, we only investigate 
the change of energy band profile for the CdS/ZnO junction. 
The effects of external compressive and tensile strain on the 
energy band profiles for the CdS/ZnO junction are presented in  

Adv. Funct. Mater. 2018, 28, 1707311

Figure 6.  a) Photoexcitation and energy band diagram of the CIGS heterojunction. Piezophototronic effect and energy band diagram of the CIGS 
heterojunction under b) compressive and c) tensile strains.

Figure 5.  a) Time response and repeatability of the photodetector under different strains and 808 nm illumination of 19 mW cm−2. b) Extracted rise 
and fall times of the device under different strains. (The error bars indicate the range within a standard deviation).
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Figure 6b,c, respectively. Once applying a compressive strain, 
the positive piezo-charges yielded at the end of ZnO nano
wires closed to the CdS/ZnO junction interface will cause the 
valence and conductive bands of ZnO nanowires to go down-
ward (black line) and lower the barrier height in the junction/
interface, which is equivalent to enlarging depletion region of 
the heterojunction as shown in the bottom band diagrams of  
Figure 6b. Then, the separation and transport of diffused elec-
trons in the CdS/ZnO junction will be propelled (but not the 
separation and transport of photogenerated carriers in the 
CIGS/CdS junction be directly propelled as previously reported 
piezophototronic devices), so that the photoresponse perfor-
mances are enhanced. While under a tensile strain, the negative 
piezoelectric charges will emerge at the c end of ZnO nano
wires, which is just opposite to that under compressive strain, 
thus the conductive and valence bands of ZnO nanowires 
would go upward (yellow line), as shown in Figure 6c. These 
negative piezoelectric charges repel the electrons or attract the 
holes from the CdS layer that aggregate in the depletion region 
via Coulomb forces and induce a decrease in the electron-deple-
tion level, resulting in the increased junction barrier. Therefore, 
the separation and transport of diffused carriers is restrained.

3. Conclusion

In conclusion, we prepared the ITO/ZnO/CdS/CIGS/Mo het-
erojunction on the PI substrate and successfully developed it 
as a high performance flexible CIGS photodetector. The photo
detector exhibits excellent photoresponse performance in a wide 
broadband ranging from visible to near-infrared with photore-
sponsivity up to 1.18 A W−1, detectivity up to 6.56 × 1010 Jones, 
and response speed of 70 (/88) ms, respectively. More impor-
tantly, the ZnO nanowires were introduced in this heterojunction 
to modulate the photoresponse of the device via piezophototronic 
effect. Owing to the negative and positive piezoelectric charges 
that are generated at the c end of the (0002) oriented ZnO 
nanowire, the junction barrier of CdS and ZnO is lowered and 
heightened, so that more (/or less) photogenerated carriers can 
pass through the junction region and the related photoresponse 
parameters are considerably increased or significantly decreased. 
By exerting the piezophototronic effect, the photoresponse per-
formance can be modulated considerably with photoresponsivity 
changing from 0.88 to 2.07 A W−1, detectivity changing from 
4.81 × 1010 to 10.9 × 1010 Jones, and response time from 99(/116) 
to 41.3(/42.6) ms, respectively. These results indicate the good 
performance of the CIGS heterojunction photodetector, espe-
cially with piezophototronic effect, and also provide essential 
insight of effectively modulating performances of other multi-
layer heterojunction devices via the piezophototronic effect.

4. Experimental Section
Device Fabrication Process: The thickness of PI film was about 25 µm. 

First, 550  nm thick Mo back contact was deposited by magnetron 
sputtering; then the CIGS absorption layer was prepared with a thickness 
of about 2  µm in one high vacuum chamber using the coevaporation 
of Cu, In, Ga, and Se sources with base pressure of 10−5  Pa;[44] the 
80  nm thick CdS was grown on the surface of CIGS film by chemical 

bath deposition. The CdS layer was sputtered with a thin ZnO seed 
layer of a thickness of 50  nm, and the sample was then placed into a 
mixed nutrient solutions (60 × 10−3 m L−1 Zn(NO3)2 and 60 × 10−3 m L−1  
hexamethylenetetramine) keeping at 90  °C for 1 h for preparation of 
ZnO nanowire arrays. The as synthesized ZnO nanowire arrays were 
then spin coated by polymethyl methacrylate (PMMA), followed by  
Ar ion etching for exposing the heads of ZnO nanowires. The ITO top 
electrode (40 sccm Ar, 100 W, 50 min) was deposited on the top of the 
sample by radio frequency (RF) magnetron sputtering at 150 °C, and then 
the sample was cleaned by acetone to remove the PMMA. Finally, the Ag 
(100 nm) top middle hole electrode (diameter = 1 mm) was prepared on 
the surface of ITO layer through a mask by magnetron sputtering.

Characterization and Measurement: The detailed structure and 
morphology of the ITO/ZnO/CdS/CIGS/Mo heterojunction were 
characterized by XRD (Bruker, D8 Advance) and SEM (Hitachi, 
SU8020). Transmission spectra of CIGS were measured by a UV–vis 
spectrophotometer (Hitachi, U-4100). The I–V and I–t curves were 
identified by a Keithley 4200-SCS semiconductor measurement system. 
The light source was provided by an 808  nm continuous wave laser, 
and the laser power density was adjusted by an optical attenuator and 
measured by a power meter (Thorlabs, PM100D and S121C).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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