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Piezo-phototronic effect is demonstrated in the ZnO/P3HT solar cell system and detailed study
is conducted regarding the inﬂuence of crystallization and doping level of ZnO on the strength
of piezo-phototronic effect as well as the overall solar cell performance. By testing and comparing ﬁve groups of samples prepared under different conditions, optimized parameters are
determined for the most efﬁcient piezo-phototronic enhancement of solar cell performance.
The general principles and regularities provided in this study are universal and applicable
to all solar cell systems involving piezoelectric semiconductor materials and could provide
substantial guidance on further increasing performances of commercial solar cells based on CdTe,
GaAs etc. and also spur the development of ﬂexible solar cells for smart applications in various
situations.
& 2013 Elsevier Ltd. All rights reserved.

Introduction
Wurtzite and Sphalerite semiconductors such as GaN, InN, ZnO,
CdTe have outstanding electrical and optical properties and
are excellent materials for optoelectronic applications [1–5].
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However, one of their properties, the piezoelectricity, was
largely neglected owing to their superior optoelectronic applications. Only until recently, it was suggested that the presence
of polarization charges at contact interfaces, such as p–n
junctions and Schottky junctions, could signiﬁcantly impact
the performance of optoelectronic devices [6–12]. In short,
the effect, which is named as the piezo-phototronic effect,
describes the phenomenon that the efﬁciency of charge
generation, separation or recombination is tuned by the
polarization charges at the interface, and the performance of
optoelectronic devices can be either enhanced or degraded
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depending on the sign of the charges [13–16]. This effect opens
up a new ﬁeld for science and technological applications.
Solar cells, among the most important types of optoelectronic devices, have been intensively studied these years as a
potential solution to the energy crisis and environmental
pollution. Most research efforts are focused on promoting its
energy conversion efﬁciency [17–19], which is related to
factors like reﬂection, electrical resistance, carrier separation,
recombination etc. and there are also increasing interests in
ﬂexible and smart applications of solar cells in various situations [20–23]. Piezo-polarization charges at p–n junction interface directly interfere with the separation and recombination
process and it has been theoretically predicted [24,25] as well
as experimentally proved [9,10,26] that the effect does affect
solar cell efﬁciencies. However, all of previous studies were
limited to demonstrating the effect itself without providing
further guidance on how the selection of materials and tuning
of material properties can strengthen the piezo-phototronic
effect and whether the strengthening of piezo-phototronic
effect could always be beneﬁcial for solar cell performances.
To answer the above questions, we took the ZnO/P3HT
solar cell system as an example and detailedly studied on
how the material properties of crystallization and doping
level affect the piezo-phototronic effect and to what level
the improvement of said effect affects the original strainfree solar cell performance. The results provided in this
study are not limited to ZnO/P3HT and is universal and
applicable to all solar cell systems involving piezoelectric
semiconductor materials. This study is not only signiﬁcant to
development of important commercialized solar cells made
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of CdTe, GaAs on hard substrates, where pre-straining could
be engineered into piezoelectric layers, but also beneﬁcial
to the development of inorganic/organic hybrid solar cells
that are ﬂexible, inexpensive and easily scalable.

Methods
The structure of the solar cell is shown in Fig. 1(a). 100 nm of
ITO is ﬁrstly deposited onto transparent and ﬂexible PET
substrate as the top electrode. 600 nm of ZnO is subsequently
deposited using an RF sputterer, leaving out the margins for
later electric connection. The sputtering parameters vary for
different groups of samples according to the needs of our study
but the common parameters are a RF power of 120 W and a
total pressure of 6 mTorr during the deposition. Electronic
grade P3HT was purchased from Sigma-Aldrich and dissolved
into chlorobenzene at a concentration of 10 mg/ml without
further puriﬁcation. Then the solution is spin coated onto the
ZnO layer at a speed of 700 rpm for 30 s to form the p-type
layer. Drying is subsequently performed at 120 1C for 5 min
under nitrogen environment to improve the electrical and
contact properties. Lastly, a 100 nm gold layer is deposited on
P3HT as the bottom electrode.

Results and discussion
A solar simulator (Model 91160, Newport, 300 W, AM 1.5) is
used to provide illumination to the solar cells with its output
power adjusted to 100 mW/cm2, which is considered the

Fig. 1 General performance of strain-free ZnO/P3HT solar cell (Group 1) is shown in this ﬁgure. (a) Schematic of the solar cell
structure. (b) J–V characteristics of the solar cell under different illumination intensities, from one full sun (100 mW/cm2) to as low
as 1/32 sun (3.125 mW/cm2). (c) JSC and VOC of the solar cell under different illumination intensities. X-axis values are expressed in
log 10 scale. (d) Efﬁciency and ﬁll factor under different illumination intensities. Data points are linearly ﬁtted. X-axis values are
expressed in log 10 scale.
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intensity of one sun under normal conditions. A set of
sunlight attenuators is used to achieve different levels of
illumination intensity. The ﬁrst solar cell sample under test
is labeled as Group 1, of which the ZnO layer is sputtered
at room temperature (without purposefully heating the
substrate during sputtering) with Ar ﬂow rate at 30 sccm
and O2 ﬂow rate at 10 sccm. As-measured J–V characteristics of the solar cell under 6 different illumination
intensities are shown in Fig. 1(b). At 100 mW/cm2, the solar
cell yields an open-circuit voltage (VOC) of 0.7487 V, a shortcircuit current density (JSC) of 0.7036 mA/cm2, a ﬁll factor
of 0.3378 and an efﬁciency of 0.178%. When the illumination intensity is decreased to 3.125 mW/cm2, the solar cell
yields a VOC of 0.5641 V, a JSC of 0.0336 mA/cm2, a ﬁll factor
of 0.3484 and an efﬁciency of 0.212%. The values of VOC and
JSC under different intensities are summarized in Fig. 1
(c) and the values of efﬁciency and ﬁll factor under
different intensities are summarized in Fig. 1(d), indicating
that the efﬁciency of the solar cell increases with lowering
illumination intensities. This phenomenon could be
explained by its limited charge separation ability meaning
that under a higher generation rate, the proportion of
electron–hole pairs that can be separated by the junction
region is lower. In the following, the method to improve this
ability will be demonstrated and discussed.
The performance of Group 1 solar cell under strains at
the illumination intensity of 25 mW/cm2 (the rest of the
measurements will all be done at this intensity) is subsequently tested. Before strain is loaded, the solar cell yields
a JSC of 0.2150 mA/cm2, a VOC of 0.6823 V and an efﬁciency
of 0.188%. After strain is applied (method shown in the
inset of Fig. 2(a)), we observe increases in JSC under
tensile strain and decreases in JSC under compressive strain
(tensile strain is deﬁned as positive and compressive strain
is deﬁned as negative; strain values are calculated according to previous studies [27,28]) but the VOC almost remains
unaffected, as is shown in the J–V characteristics in Fig. 2
(a). Speciﬁcally, the JSC experiences a 2.568% increase to
0.2205 mA/cm2 under 0.32% tensile strain and a 4.940%
decrease to 0.2042 mA/cm2 under 0.32% compressive
strain. Accordingly, the efﬁciency is increased by 3.456%
to 0.194% under 0.32% tensile strain and is decreased by
2.432% to 0.183% under 0.32% compressive strain (relevant
data will be summarized in Fig. 5). Since RF-sputtered ZnO
ﬁlm is self-textured [29–31], the asymmetry of performance change by loading opposite signs of strain clearly
suggests that piezoelectricity plays a role in the process. A
model is presented in Fig. 2(b) to explain the performance
change. The band structure for the strain free condition is
shown in Fig. 2(b1). The basic processes for a solar cell to
work are the generation of electron–hole pairs, separation
of electron–hole pairs and recombination of those carriers
in external circuits. The step of critical importance here is
the electron–hole pair separation. For JSC, its value is
directly related to the carrier collection probability.
Qualitatively, a stronger built-in ﬁeld in the junction
region means a higher collection probability for the
carriers and vice versa. When external strain is applied
to the ZnO thin ﬁlm, creating negative polarization charges
at the ZnO/P3HT interface, both the conduction and
valence bands in the junction region will be lifted up,
weakening the strength of the built-in ﬁeld and leading to
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Fig. 2 Group 1 solar cell performance under strains and the
mechanism for piezo-phototronic effect. (a) J–V characteristics
of Group 1 solar cell under strains at the illumination intensity
of 25 mW/cm2. The inset shows the method to apply strain to
the solar cell. (b) Schematics explaining the mechanism how
piezo-phototronic effect tunes the solar cell performance. Red
line represents the band structure without strain. Blue line
represents the tuned band structure with strain.

a decrease of JSC. On the contrary, positive polarization
charges created at the interface will lower the conduction
and valence bands in the junction region, strengthening
the built-in ﬁeld and result in an increase of JSC. As for the
VOC, its value is determined by the difference between
quasi-Fermi levels of the p-type and n-type semiconductor,
which is largely decided by the illumination intensity.
Quantitatively, V OC  ðnkT=qÞLnðJSC =JO Þ (n is the ideality
factor, kT/q is the thermal voltage and JO is the dark
reserve saturated current), which means the change in JSC
does affect the value of VOC. However, since dðV OC Þ 
ðnkTJO =qÞðdðJSC Þ=JSC Þ, (the value of nkT/q is on the order of
30 mV and the value of JSC/JO is 250 according to Fig. 1
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(b)), 1 mA/cm2 change in JSC only leads to approximately
1.2  10  4 V variation in VOC and can thus be considered
negligible. This explains why on the J–V characteristic of
Fig. 2(a), the voltage stays mostly unaffected by the
strains.
Although the piezo-phototronic effect demonstrated for
Group 1 sample can indeed improve or degrade the solar
cell performance, the amount of change is relatively small
and we need to look for methods to further improve this effect.
As is shown by many studies [29–33], the piezoelectricity in
sputtered ZnO ﬁlm arises from the c-axis self-aligning
among grains and one way to increase its piezoelectric
coefﬁcient is to improve the crystallinity by thermal processing. Thus in Group 2 sample, the ZnO is deposited when the
sample substrate is heated at 120 1C during the whole
sputtering process while all other parameters are kept the
same as for Group 1. X-ray Diffraction (XRD) technique is
used to analyze the as-sputtered ZnO and determine the
level of alignment. As indicated in Fig. 3(a), both samples
have a diffraction peak at 2θ E 341, corresponding to the
(0002) plane of Wurtzite ZnO (the plane that is responsible
for the piezoelectric property). It is clearly shown that the

Fig. 3 Effect of thermal processing on the strength of piezophototronic effect and the solar cell performance. (a) XRD
spectrum for Group 1 sample, in blue, and Group 2 sample, in
red. (b) J–V characteristics of Group 2 solar cell under strains at
the illumination intensity of 25 mW/cm2.
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Group 2 sample, represented by the red curve, has a higher
level of alignment and thus a higher piezoelectric coefﬁcient compared to Group 1 sample, represented by the blue
curve. Group 2 solar cell is subsequently tested under
different strain levels and the J–V characteristics are
plotted in Fig. 3(b). Under zero strain, the JSC is
0.217 mA/cm2, the VOC is 0.683 V and the efﬁciency is
0.18%. Inevitably, the electrical properties of Group 2 ZnO
will be different from Group 1 due to slight difference in
factors like grain size but in general, the thermal processing
can be considered to have little inﬂuence on the performance of strain free solar cells. When strain is applied to
the Group 2 device, we observe a much higher level of
change on the solar cell performance. Speciﬁcally, JSC is
increased by 9.96% to 0.239 mA/cm2 under 0.32% tensile strain
and is decreased by 6.292% to 0.204 mA/cm2 under 0.32%
compressive strain. Accordingly, the efﬁciency is increased by
12.1% to 0.203% under 0.32% tensile strain and is decreased by
6.84% to 0.169% under 0.32% compressive strain (relevant data
will be summarized in Fig. 5). Thus, by comparing the
measurement results from Group 1 and Group 2, it can be
concluded that thermal processing, which improves the crystallinity and piezoelectric strength of ZnO ﬁlm, is an effective
method to enhance the piezo-phototronics effect without
degrading the original performance of strain-free solar cells.
Different from conventional piezoelectric materials such
as PZT, BaTiO3 which are insulators, free charge carriers in
piezoelectric semiconductors can always partially screen
the piezopotential, thus weakening the piezoelectric output. Therefore, in addition to improving crystallinity of
ZnO, reducing the doping concentration will also improve
piezo-phototronic effect. However, compared to crystallinity which has little impact on semiconducting properties
if well controlled, adjustment of doping level almost
certainly affects solar cell performance. It is sophisticated
to tell whether the doping level change lowers the solar cell
performance, and if it does, whether the loss could be
compensated by the performance enhancement from piezophototronics effect. To answer the above question, several
groups of samples will be studied below.
As many studies suggest [34–36], the doping level of ZnO
is closely related to the atmosphere during sputtering and a
lower partial pressure of oxygen will give rise to a higher
level of oxygen vacancies and therefore a higher doping
level. ZnO layer of the ﬁrst sample under test in this section
is sputtered with pure Ar at a ﬂow rate of 40 sccm under
120 1C substrate heating, labeled as Group 3. The asmeasured J–V characteristics are shown in Fig. 4(a). In
strain free condition, the solar cell yields a JSC of
0.1176 mA/cm2, a VOC of 0.374 V and an efﬁciency of
0.05%. When strain is applied, we see a similar trend of
performance tuning. Speciﬁcally, JSC is increased by 8.58%
to 0.1277 mA/cm2 under 0.32% tensile strain and is
decreased by 9.50% to 0.1065 mA/cm2 under 0.32% compressive strain. Accordingly, the efﬁciency is increased by
9.3% to 0.056% under 0.32% tensile strain and is decreased
by 8.53% to 0.047% under 0.32% compressive strain. For
comparison purpose, the J–V characteristics of Group 2 sample (30 sccm Ar, 10 sccm O2, substrate heated at 120 1C),
which was discussed above, is also shown in Fig. 4(b). Then
to further increase the oxygen partial pressure, ZnO of
Group 4 is sputtered under 20 sccm of Ar and 20 sccm of O2,

Effective piezo-phototronic enhancement of solar cell
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Fig. 4 Effect of sputtering atmosphere on the strength of piezo-phototronic effect and the solar cell performance. (a) J–V
characteristics of Group 3 solar cell under strains at the illumination intensity of 25 mW/cm2. (b) J–V characteristics of Group 2 solar
cell under strains at the illumination intensity of 25 mW/cm2. (c) J–V characteristics of Group 4 solar cell under strains at the
illumination intensity of 25 mW/cm2. (d) J–V characteristics of Group 5 solar cell under strains at the illumination intensity of
25 mW/cm2.

heated at 120 1C. Shown by the J–V characteristics in Fig. 4
(c), at zero strain, the solar cell yields a JSC of 0.2153 mA/cm2,
a VOC of 0.683 V and an efﬁciency of 0.17%. When 0.32% tensile
strain is applied, JSC is increased by 19.97% to 0.258 mA/cm2
and efﬁciency is increased by 17.1% to 0.2%. When 0.32%
compressive strain is applied, JSC is decreased by 11.2% to
0.191 mA/cm2 and efﬁciency is decreased by 9.16% to
0.155%. ZnO layer of the last group is sputtered under
10 sccm of Ar and 30 sccm of O2, heated at 120 1C and the
solar cell J–V characteristics are shown in Fig. 4(d). At zero
strain, the solar cell yields a JSC of 0.2095 mA/cm2, a VOC of
0.61 V and an efﬁciency of 0.14%. When 0.32% tensile strain
is applied, JSC is increased by 15.45% to 0.24 mA/cm2 and
efﬁciency is increased by 17.46% to 0.167%. When 0.32%
compressive strain is applied, JSC is decreased by 12.52% to
0.1833 mA/cm2 and efﬁciency is decreased by 12.11% to
0.1248%. From the above results, we can see that oxygen
partial pressure during ZnO sputtering is positively related
to the strength of the piezo-phototronic effect. However, its
impact on solar cell performance is rather complex.
To fully analyze and better understand the above data,
JSC, VOC, efﬁciency and ﬁll factor of all ﬁve groups of
samples under 9 different strain states are summarized in
Fig. 5(a)–(d) respectively. At zero strain, Group 3 has the
lowest JSC, VOC and efﬁciency of all. This indicates that
when ZnO is deposited under pure Ar, the doping level may
be excessively high and there is signiﬁcant damage to the

crystal, leading to a shorter diffusion length, a higher
recombination rate and a lower collection probability
[37]. Group 1, 2 and 4 in the zero strain case have almost
the same JSC and VOC. However, Group 1 enjoys the highest
ﬁll factor while Group 4 suffers the lowest ﬁll factor, making
Group 1 the most efﬁcient solar cell under zero strain. The
lowering of ﬁll factor could be explained by the increase of
series resistance [37] due to the heating of the sample and a
higher oxygen partial pressure during the sputtering process. However, the level of series resistance has not yet
affected the value of JSC in these samples. ZnO of Group 5 is
deposited under the highest oxygen partial pressure of 75%,
leading to two effects. The ﬁrst one is a further increase in
series resistance which is possibly responsible for a lower JSC
compared to Group 1, 2 and 4 [37]. The second one is a
decrease in shunt resistance that is reﬂected in its lower
VOC [37]. This could be attributed to the phenomenon that
when an excessively high oxygen partial pressure is in
presence during ZnO sputtering, surface smoothness is
drastically degraded [38,39], which leads to more contact
defects between ZnO and the spin-coated P3HT. When strain
is gradually applied, JSC and efﬁciency gradually increases
under tensile strain and gradually decreases under compressive strain for all cases as a result of piezo-phototronic
effect. On the other hand, the values of VOC for all ﬁve
groups stay relatively constant under different strains,
reason of which has been explained above. Furthermore,
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Fig. 5 Summarization of important solar cell parameters for the ﬁve groups of samples. (a) Strain – Jsc scattergram. Linear ﬁtting is
performed for each group. (b) Strain – VOC scattergram. (c) Strain – efﬁciency scattergram. Linear ﬁtting is performed for each
group. (d) Strain – ﬁll factor scattergram. (e) Scattergram for the slopes of ﬁtted curves in (a) and (c). ε represent strain and
η represent efﬁciency in this ﬁgure. (f) Speciﬁc symbols and colors are assigned to represent each group.

the ﬁll factor is also stable over different strains, meaning
the straining process does not impact the series and shunt
resistance to an observable extent. The highest JSC is
achieved by Group 3 under 0.32% tensile strain thanks to
the strong piezo-phototronic effect for this sample. The
highest efﬁciency, however, is achieved by Group 2 under
0.32% since it has a higher ﬁll factor as discussed above. To have
a more direct sense of the strength of piezo-phototronic
effect, JSC data in Fig. 5(a) and efﬁciency data in Fig. 5
(c) are linearly ﬁtted for each group. Slope values for the
ﬁtted curves in Fig. 5(a) are 2.20, 5.63, 3.47, 9.61 and 8.84
in the unit of mA/cm2/%strain for Group 1–5, respectively,
and slope values for ﬁtted curves in Fig. 5(c) are 1.63, 5.24,
1.47, 6.48 and 6.32 in the unit of %eff/%strain for Group 1–

5, respectively. These values are compiled in Fig. 5(e). As
expected, under the same atmosphere, Group 2 has a larger
slope for both JSC and efﬁciency than Group 1 due to a
better c-axis alignment. Under the same sputtering temperature the slopes of ﬁtted curves increase with the
increase of oxygen partial pressure but is saturated somewhere between 50% and 75% of oxygen partial pressure. It is
worth noting that the crystallinity is not completely independent of the sputtering atmosphere and an excessively
high oxygen partial pressure may lead to poorer grain
alignment [38,40,41], consistent with our data showing that
the curve for Group 5 has slightly smaller slopes than that of
Group 4. Consequently, without taking into account of the
strain-free solar cell performance, the largest amount of

Effective piezo-phototronic enhancement of solar cell
performance improvement is achieved by the Group
4 sample.

Summary
In summary, the piezo-phototronic effect is demonstrated in
the ZnO/P3HT solar cell system, and we have detailedly
studied the inﬂuence of crystallization and doping level of
ZnO on the strength of piezo-phototronic effect as well as
the overall solar cell performance by testing and comparing
ﬁve different groups of samples. Within our range of study,
the highest efﬁciency is achieved by Group 2 solar cell (ZnO is
sputtered at 120 W, 6 mTorr, 30 sccm Ar, 10 sccm O2 and
substrate heated to 120 1C) under 0.32% tensile strain.
Further increasing the piezo-phototronic effect by using a
higher oxygen partial pressure will lead to poorer strain-free
solar cell performance which could not be effectively
compensated by the current range of strain-induced
enhancement. (However, more enhancement could be
achieved by introducing a larger strain.) The general principles and regularities provided in this study are universal and
applicable to all solar cell systems involving piezoelectric
semiconductor materials and could provide meaningful guidance on further increasing performances of commercial
solar cells based on CdTe, GaAs etc. and also spur the
development of ﬂexible solar cells for smart applications in
various situations.
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