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 ABSTRACT 
Cu(In, Ga)Se2 (CIGS)-based materials have gained remarkable attention for thin-film
photovoltaic applications due to their high absorption coefficient, tunable
bandgap, compositional tolerance, outstanding stabilities, and high efficiency. A
small increase in the efficiency of CIGS solar cells has huge economic impact 
and practical importance. As such, we fabricated a flexible CIGS solar cell on a
mica substrate and demonstrated the enhanced device performance through the
piezo- and pyro-phototronic effects based on a ZnO thin film. The device
showed enhanced energy conversion efficiency from 13.48% to 14.23% by 
decreasing the temperature from 31 to 2 °C at a rate of ~ 0.6 °C·s−1 via the 
pyro-phototronic effect, and further enhanced from 14.23% to 14.37% via the
piezo-phototronic effect by further applying a static compressive strain. A
pyro-electric nanogenerator effect was also found to promote the performance
of the CIGS solar cell at the beginning of the cooling process. The manipulated
energy band of the CIGS/CdS/ZnO heterojunction under the influence of the
inner pyroelectric and piezoelectric potentials is believed to contribute to these
phenomena. Applying the piezo- and pyro-phototronic effects simultaneously 
offers a new opportunity for enhancing the output performance of commercial
thin film solar cells. 

 

 

1 Introduction 

With the impending threat of energy shortage and 
deterioration of the environment, great efforts are 
being devoted to developing renewable and green 
energy resources. As such, converting energy effectively 
from other energy resources is becoming a crucial 
issue [1–3]. Among them, solar energy, which will 
provide a significant fraction of the world’s energy 
needs over the next century, is attracting substantial  

interest due to its reliable, abundant, and sustainable 
nature [3–6]. In recent years, piezoelectric semicon-
ductor thin films or nanowires have been used; they 
typically have a wurtzite structure (such as ZnO, CdS 
and GaN). The piezo-phototronic effect, a new mec-
hanism that is used to modulate the behavior of 
photoexcited carriers and engineer new optoelectronic 
devices, operates via the coupling among piezoelectricity, 
semiconductor charge transport, and optical processes 
in piezoelectric semiconductors. Utilizing this mechanism  
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has proven to be an effective approach to improve 
the separation of photo-induced electron–hole pairs, 
suppress nonradiative recombination, and significantly 
enhance the performance of photovoltaic cells (PVCs) 
[7–16]. Upon normal stress, owing to the non-central 
symmetric crystal structure, the piezoelectric polarization 
charges together with the induced piezo-potential in 
the piezoelectric semiconductor at the heterojunction 
or interface can modulate the band structure of the 
heterojunction and tune the charge separation, transport, 
and recombination in optoelectronic processes. Con-
sequently, the photo-current of the optoelectronic 
device is either enhanced or reduced, which is the 
working principle of the piezo-phototronic effect [7–9, 
17]. However, the impact of the piezo-phototronic 
effect on commercial solar cells has not yet been 
investigated. Moreover, a novel working mechanism 
by coupling pyroelectricity, photoexcitation, and 
semiconductor characteristics, called the “pyro-ph-
ototronic effect”, has recently been proposed in 
pyroelectric materials (which usually simultaneously 
possess piezoelectric characteristics) to significantly 
improve the generation, transport, separation, and/or 
recombination of photoinduced charge carriers, such 

as in the enhanced performance of heterojunction 
photodetectors or solar cells [18–20]. Actually, the 
pyroelectric-enhanced photovoltaic performance mainly 
arises from two aspects: the inner pyroelectric 
nanogenerator (PENG) and the PENG-induced band 
bending at the heterojunction. As piezo- and pyro- 
phototronic effects are both based on polarization 
charges, it is expected that they can be coupled for 
further enhancement of optoelectronic performance.  

Recently, Cu(In, Ga)Se2 (CIGS)-based materials have 
gained marked attention for thin-film photovoltaic 
applications due to their high absorption coefficient, 
tunable bandgap, compositional tolerance, outstanding 
stabilities, and high efficiency [21–24]. The efficiency 
of industrial CIGS technology is comparable to that 
of polycrystalline silicon technologies and may compete 
with single crystalline silicon technologies in the near 
future [25].  

In this work, we developed a conventional flexible 
CIGS solar cell (see Fig. 1(a)). Using the piezo- and 
pyro-phototronic effects based on a ZnO thin film, 
the performance of the CIGS solar cell is effectively 
enhanced. The device shows an improvement of 
energy conversion efficiency from 13.48% to 14.23% 

 
Figure 1 CIGS solar cell layout. (a) Schematic structure of the flexible solar cell under illumination. (b) Cross-sectional SEM image 
of the as-fabricated solar cell. (c) Absorption and external quantum efficiency spectra of the solar cell. (d) Solar energy conversion 
efficiency of the solar cell under AM 1.5G illumination. The inset is an optical image of the device. 
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by decreasing the temperature from 31 to 2 °C via the 
pyro-phototronic effect, and additional improvement 
from 14.23% to 14.37% via the piezo-phototronic 
effect by further applying a static compressive strain. 
Simultaneous application of the piezo- and pyro- 
phototronic effects offers a new opportunity for 
enhancing the output performance of commercial thin 
film solar cells. 

2 Results and discussion 

A 2 μm p-CIGS absorption layer was first grown on 
Mo-coated stainless steel (25 μm), and then followed 
in turn by a n-CdS buffer layer, intrinsic ZnO, n-type 
ZnO (AZO), MgF2 anti-reflection layer and Ni/Al 
grids, which was then fixed on a 250 μm flexible mica 
substrate by epoxy (Fig. 1(a)). Figure 1(b) shows a cross- 
sectional scanning electron microscopy (SEM) image 
of the CIGS solar cell. For the detailed fabrication 
processes, please refer to the Methods part. Solar light 
with AM 1.5G spectral distribution was irradiated 
vertically on the surface of the CIGS solar cell. From the 
measurement of the absorption and external quantum 
efficiency (EQE) spectra (see Fig. 1(c)), we found that 
the bandgap of the CIGS absorber was ~ 1.12 eV and 
that the light absorption was mainly focused on the 
visible spectrum. As shown in Fig. 1(d), the efficiency 
at room temperature increased with the increase in 
light intensity and reaches up to ~ 13.5% under AM 
1.5G (1 sun) illumination, which is the level of 
commercial solar cells. Furthermore, the efficiency 
was still maintained at a relatively high level with 
weak light intensity (for example, the efficiency is ~ 
11.2% under 0.1 sun illumination). The CIGS solar 
cell could also be bended easily by applying a strain 
on the flexible mica. Notably, the mica used here also 
possessed good thermal conductivity, which was 
beneficial to the study of the pyro-phototronic effect. 

To investigate the influence of the piezo-potential 
on the performance of such a thin film solar cell, the 
current (density)–voltage (J–V) characteristics of the 
solar cell under a variety of bending strains (from 
−0.62% to 0.55%) were measured under AM 1.5G 
illumination, as shown in Figs. 2(a) and 2(b). Here, 
the piezo-potential was derived from the preferred 
c-axis-oriented ZnO thin film grown via radio frequency  

magnetron sputtering, which has been proven by 
many researchers [26–28]. To our knowledge, no 
report has proven the piezoelectric performance for a 
CdS thin film grown by chemical bath deposition; 
hence, we will not consider the piezo-potential from 
CdS thin films in this study. The downward and 
upward bending of the mica substrate (with 250 μm 
in thickness) is equivalent to applying compressive 
and tensile strain on the CIGS sample, respectively. 
Regardless of the thickness of the CIGS solar cell 
layers, the compressive or tensile strain was calculated, 
which actually denoted the deformation of the top 
surface of the mica substrate. As shown in Fig. 2(b), 
the performance of such a PV device was enhanced 
slightly with an increase in the applied compressive 
strain but decreased with an increase in the applied 
tensile strain. Notably, the change in illumination 
angle and surface area due to the shape change of the 
substrate was considered according to the refraction 
law  

  1 1 2sin( ) sin( )n n 2  (1) 

and the dependence of the reflectivity on the incidence 
angle of natural sunlight 

 
   

   

  
  

  

2 2
1 2 1 2

n 2 2
1 2 1 2
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where n1 (= 1), n2 (= 1.38), θ1, θ2, Rn are the refraction 
of air, refraction of MgF2, incidence angle, refraction 
angle, and reflectivity for a natural sunlight, respectively. 
We found that the reflectivity almost stays constant 
for θ1 < 45°. Therefore, the change in performance 
due to the change of illumination angle could be 
ignored in our case. The performance of the solar cell 
could also be affected by a change in the effective 
illumination area due to the bending deformation. 
The effective illumination areas for the upward and 
downward bending of the device both decreased. If 
there is no piezo-potential in ZnO, the efficiency of 
the device will decrease for both upward and downward 
bending. We have normalized the efficiency in Fig. 2 
considering the change in the effective illumination 
area. Specifically, JSC and VOC under different strains 
were extracted and plotted in Fig. 2(c). It was found that 
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Figure 2 Performance of CIGS solar cell under strains at room temperature. (a) Schematic of the flexible solar cell under compressive 
and tensile strains. (b) J–V characteristics of the solar cell under different strains. (c) Strain dependence of the short-circuit current 
density (JSC) and the open-circuit voltage (VOC). (d) Strain dependence of the solar energy conversion efficiency (η) and the fill factor (FF). 

the JSC increased from 32.22 to 32.72 mA·cm−2 for a 
1.6% variation, and that the VOC increased from 0.657 
to 0.66 V for a 0.46% fluctuation. The fill factor FF 
was about 0.63, which was almost invariable with a 
change of strain. As a result, the solar energy conversion 
efficiency was tuned from 13.35% to 13.53%. Such 
enhanced performance of the solar cell under a 
compressive strain was believed to be due to a 
modulation of the energy band caused by piezoelectric 
polarization charges at the heterojunction interface 
between ZnO and CdS [7, 8, 29–32], which will be 
discussed later. 

The pyro-electric current and voltage can be des-
cribed as 

  (3)  C (d / d )I P A T t

  (4)  VV P Trd

temperature, ΔT is the change in temperature, and rd  

 
pr

 
) 

here JPV, JPENG, and Jpyro-ph are the currents c
to the photovoltaic effect, pyro-electric nanogenerator, 

respectively, where PC is the pyro-electric current 
coefficient, PV is the pyro-electric voltage coefficient, 
A is the electrode area, dT/dt is the rate of change in 

is the effective Debye length of pyro-electric materials 
(such as ZnO and CdS) [33]. Usually, the pyro-electric 
coefficient is defined as the differential change of 
spontaneous polarization due to a change in temp-
erature. When the dimensions and volume of the 
material are fixed, the primary pyro-electric coefficient 
can be used to describe the charges produced under a 
change in temperature. If the material’s dimensions/ 
volume can change due to a change in temperature, 
strain will be induced due to the anisotropic deformation 
of the material, resulting in an additional contribution 
of piezoelectrically induced charges. It is commonly 
described as pyro-phototronic effect, a secondary 
pyro-electric effect, which is more important for 
wurtzite piezo-crystals (such as ZnO, CdS) [34–36].  

We studied the influence of cooling and heating
ocesses on the current–time characteristics of the PV 

device. The total photocurrent can be expressed as  

    (5total PV PENG pyro-phJ J J J

w orresponding 
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and pyro-phototronic effect, respectively. Figure 3(a) 
illustrates the variation of the applied temperature 
with time. As shown in Fig. 3(b), the photocurrent 
increased rapidly from zero to 15.68 mA·cm−2 with 
the light (1 sun) illumination switching on, and the 
photocurrent further increased when a 2 °C cooling 
process was applied at a rate of ~ 0.6 °C·s−1 because of 
the current of the pyro-electric nanogenerator, pyro- 
phototronic effect due to tuning of the energy band 
via polarized charges in the ZnO thin film, and 
enhanced relaxation time for the photo-generated 
carriers. The photocurrent was enhanced by ~ 17% at 
the beginning of the cooling process and by ~ 7% at 
the end of the cooling process. The photocurrent 
decreased sharply and remained at ~ 15.68 mA·cm−2 
when the cooling process ended, which further decreased 
rapidly to zero with the light illumination switching 
off. On the contrary, a reversed pyro-electric potential 
was generated when a 58 °C heating process was applied 
due to an opposing pyro-electric current, reversed 
pyro-phototronic effect, and reduced relaxation time 
of photo-generated carriers, as shown in Fig. 3(c). 
Although the total current density is expressed in 
Eq. (5), JPENG could only operate at the very beginning 
of the cooling process. In Fig. 3, the current–time 
characteristics were measured under a fixed voltage 
of 0.6 V. In this case, the JPENG would contribute little 
with the passage of time, which might be negligible. 
However, the Jpyro-ph will be enhanced during the 
cooling process. With the temperature gradient 
decreasing gradually to zero, the Jpyro-ph could work 
even more efficiently. 

The influence of a 2 °C cooling process at a rate of ~ 
0.

tric and pyroelectric effects that enhanced 
th

6 °C·s−1 and a −0.65% compressive strain on the J–V 
characteristics of the solar cell is shown in Fig. 4. The 
efficiency was ~ 13.48% without the strain and cooling 
process, which increased to ~ 14.23% only with a 
cooling process from 31 to 2 °C. Moreover, it was 
further enhanced to ~ 14.37% with both a 2 °C cooling 
process and a −0.65% compressive strain. Notably, 
there is no PENG current flowing in the circuit in this 
measurement, since the charge polarization was constant 
at a stable temperature. Next, we will analyze the 
observed phenomena through the viewpoint of the 
energy band. 

The piezoelec
e photovoltaic performance of the CIGS solar cell 

can be explained from the bending energy band of 
the CIGS/CdS/ZnO heterojunction under the influence 
of the inner pyroelectric and piezoelectric potentials. 
For the i-ZnO, n-CdS, and p-CIGS used in this work, 
the band gaps are 3.2, 2.42, and 1.159 eV, respectively, 
and the electron affinities are 4.2, 4.5, and 4.202 eV, 
respectively. The energy band in the free condition 
can be drawn as Fig. 5(a). When only a compressive 
strain was applied to the device, due to the c-axis polar 
orientation in ZnO, the piezo-potential spreads along 
the ZnO layer with positive and negative piezoelectric 
polarization charges appearing at the right and left 
sides of the ZnO thin film, respectively (see Fig. 5(b)). 
Consequently, the energy level of the depletion zone 
was further decreased especially at the hetero-interface 
with positive charges, while the energy level for 
negative charges increased. Therefore, the trapped 

 
Figure 3 The performance of the solar cell with a cooling or heating processes. (a) The variation of the applied temperature with time

 
 
 
 

. 
(b) Influence of cooling process with the rate of ~ 0.6 °C·s−1 on the current–time characteristics of the PV device with a fixed voltage of 
0.6 V and 1 sun light illumination. (c) Influence of heating process on the current–time characteristics of the PV device with a fixed 
voltage of 0.6 V and 1 sun light illumination. 
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Figure 4 Influence of the cooling process and compressive 
strain on the J–V characteristics of the solar cell, with the inset

nO/CdS interface 

 

 
denoting the efficiency of the three cases.  

photo-generated electrons in the Z
were released into n-ZnO (Fig. 5(b)), which enhanced 
the photovoltaic performance of the CIGS solar cell 
as shown in Fig. 2(d). The open-circuit voltage VOC and 
the reverse saturation current I0 can be expressed as 

 0 sck T I
   

 
OC

0
lnV

e I
 (6) 

 
 

   
 

0 00
0

exp EI I
rk T

 (7) 

where ISC is the short-circuit current, I00 is a prefactor, 
ide

 

r is an ality factor, and ΔE is the energy band 
difference between the conduction band of an n-type 
inorganic material and conduction band of a p-type 
inorganic material [14]. By combining Eqs. (6) and (7), 
the open-circuit voltage VOC can be further expressed 
by  

 
     

 
sc

OC 0
00

1 ln
I

eV E k T
r I

 (8) 

which indicates that the open-circuit voltage VOC is 
Δassociated with both the energy band difference E 

and short-circuit current ISC, regardless of the change 
in ΔE with the increase of compressive strain. The 
change of VOC with strain and temperature cannot be 
illustrated from Fig. 5 as it was a combined effect due 
to the variation of the temperature and the short- 
circuit current in Eq. (8). The fill factor FF was almost 
invariable under strain as shown in Fig. 2(d), which 
might be due to the invariable series resistance and 
shunt resistance in the solar cell system. On the  

 

Figure 5 Schematic diagrams of the energy bands under different temperatures and strains. (a), (b), and (c) Band diagrams at the 
temperature of 31 °C under zero, compressive, and tensile strains, respectively. (d) and (e) Band diagrams under zero strain with cooling 
and heating processes, respectively. (f) Band diagram under compressive strain and with a cooling process from 31 to 2 °C with a rate of 
~ 0.6 °Cs−1. 
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contrary, when only a tensile strain was applied on 
the device,

piezo-phototronic effect by further applying a static 
 the number of trapped photo-generated 

 

l r cell was fabricated. The device 
maintained a relatively high efficiency even with 

compressive strain. The effectively enhanced performance 

r (2 μm, Ga/(Ga + In) = 0.3, SUN 
as grown on a stainless steel substrate 

L 
(GROUP) CO., LTD.) with direct-current (DC)-sputtered 

 with a HITACHI 
microscope 

(FESEM). The absorption spectra were obtained 

electrons in ZnO/CdS interface would increase (see 
Fig. 5(c)); therefore, the photovoltaic performance of 
the CIGS solar cell was weakened as shown in Fig. 2(d). 
When the device was only subjected to a decrease in 
temperature from 31 to 2 °C, the pyro-potential spreads 
along ZnO with positive and negative piezoelectric 
polarization charges appearing at the right and left 
sides of ZnO, respectively (see Fig. 5(d)), which resulted 
in an enhancement of photovoltaic performance, similar 
to the case in Fig. 5(b). However, the cooling process 
herein contributed more to the enhanced performance 
of the CIGS solar cell than the applied compressive 
strain in Fig. 5(b), which was mainly due to the 
stronger pyro-phototronic effect or increased lifetime 
of photo-generated carriers at lower temperature. 
Distinguishing which one was dominant was difficult 
with regard to the pyro-phototronic effect and carrier 
lifetime. On the contrary, when the device was only 
subjected to an increase in temperature from 31 to 
58 °C, the number of trapped photo-generated electrons 
in the ZnO/CdS interface would increase (see Fig. 5(e)); 
therefore, the photovoltaic performance of the CIGS 
solar cell weakened, as shown in Fig. 2(d). When the 
cooling process and compressive strain are applied 
on the device simultaneously, the pyro-potential and 
piezo-potential would stack together, which can greatly 
lower the energy level at the hetero-interface with 
positive charges and greatly raise the energy level at 
the hetero-interface with negative charges. Therefore, 
the trapped photo-generated electrons in ZnO/CdS 
interface would be released into n-ZnO more easily 
(Fig. 5(f)), which further enhanced the photovoltaic 
performance of the CIGS solar cell as shown in Fig. 4. 

3 Conclusions 

A f exible CIGS sola

weak light intensity. The efficiency could be tuned 
simply via bending the mica substrate. The device 
efficiency was enhanced from 13.48% to 14.23% by 
decreasing the temperature from 31 to 2 °C at a rate 
of ~ 0.6 °C·s−1 via the pyro-phototronic effect, and was 
further enhanced from 14.23% to 14.37% via the 

of the CIGS solar cell is believed to be due to the 
piezo- and pyro-phototronic effects based on the ZnO 
thin film. The PENG effect could also enhance the 
performance of the CIGS solar cell at the beginning of 
cooling process. Finally, we explained the results from 
the modulated energy bands of the CIGS/CdS/ZnO 
heterojunction under the influence of the inner 
pyroelectric and piezoelectric potentials. Applying 
the piezo- and pyro-phototronic effects simultaneously 
offers a new opportunity for enhancing the output 
performance of commercial thin film solar cells. 

4 Methods 

4.1 Fabrication processes of the solar cells 

A CIGS absorbe
HARMONICS) w
(25 μm, SUS301(1Cr17Ni7), TAIYUAN IRON&STEE

Mo back contact (1 μm, 99.95%, www.znxc.cn). The 
CIGS films were then covered with CdS (SUN 
HARMONICS) of a thickness in the range of 50–70 nm 
by chemical bath deposition. A 90-nm thick i-ZnO 
(99.995%) layer was first deposited, and then the 
ZnO:Al (doping density 2.5%) layers, with a thickness of 
350 nm and sheet resistance of approximately 50 
Ω·square−1, were deposited by radio frequency (RF) 
magnetron sputtering. Sputtering the undoped layer 
in ambient oxygen ensured high transmission and 
resistivity. 50-nm Ni/3-μm Al grids were deposited 
respectively by electron beam evaporation. A 100-nm 
thick MgF2 (99.99%) film was deposited to serve as an 
anti-reflection coating. The cell edges were etched in 
diluted hydrochloric acid (3 M) for 5 min to avoid the 
short-circuit of the devices. The total area of the cells 
is ~ 1 cm2. Then, the cells were fixed on mica substrates 
(250 μm in thickness) by epoxy. 

4.2 Characterization and measurement 

The detailed microscopic structural and morphological 
characterizations were carried out
SU8020 field-emission scanning electron 
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with a UV-VIS-NIR spectrophotometer (SHIMADZU 
UV3600). The solar cells were irradiated using a solar 
simulator (Model 94023A, Newport) with an AM 
1.5G spectrum distribution calibrated against a NREL 
reference cell to accurately simulate the full solar 
intensity (100 mW·cm−2). The external quantum efficiency 
spectra were measured by a quantum efficiency 
measurement system (QEPVSI-b, Newport). The 
thermoelectric-based cooler and heater were used to 
change the temperature of the device. A temperature 
sensor was used to record the temperature of the 
CIGS thin film. Two three-dimensional manual disp-
lacement stages were applied to bend the device. The 
current–voltage and currenttime characteristics of 
the devices were recorded by an electrochemical 
workstation (CHI660E). 
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