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nd stable piezo-phototronic
organic perovskite solar cell

Ke Gu,†a Dongqi Zheng,†a Lijie Li *b and Yan Zhang *acd

Perovskite materials are regarded as next-generation organic photovoltaic (OPV) materials due to their

excellent physical and chemical properties. Recent theoretical and experimental advances also revealed

the piezoelectric properties of CH3NH3PbI3 perovskite thin films. In this work, a CH3NH3PbI3 perovskite

piezo-phototronic solar cell is studied in theory. The output parameters such as open circuit voltage,

current–voltage characteristics, fill factor, power conversion efficiency, and maximum output power

with external strains are presented. The coefficient to characterize piezo-phototronic modulation is also

calculated for the piezo-phototronic solar cell. With the change of strain, the output performance can

be controlled and enhanced. This principle can offer not only a novel and unique approach to produce

high-performance, stable perovskite solar cells, but also a principle to design new piezoelectric

perovskite optoelectronic devices.
1. Introduction

Organic photovoltaic (OPV) devices have been leading the
research into energy science and technology.1–3 In recent years,
much attention has been devoted to the perovskite materials
and their applications in solar energy conversion because of
their high absorbance, low carrier recombination rate,
outstanding ferroelectric properties and easier synthesis.4–6

Among them, perovskite solar cells (PSC) with CH3NH3PbX3

perovskites (X ¼ Cl, Pb, and I) as absorber layers show great
potential in fabricating low-cost and large-scale commercial
solar cells, whose efficiency has increased from 3.8% to over
22% in the past ve years.7–10

The concept of piezoelectric enhanced performance of
nanostructure semiconductor device were put forward in 2007,
promoting the interdisciplinary development in the eld of
nanotechnology.11 Combining piezoelectric and semiconductor
properties, piezoelectric semiconductor materials such as ZnO,
GaN, CdS have been used to fabricate multifunctional stretch-
able semiconductor devices, such as exible photodetectors,12

piezophototronic light emitting diodes13 and piezo-nano-
generator.14 Besides, piezo-phototronic and pyro-phototronic
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effect also enables the improvement in power conversion effi-
ciency of low-dimensional solar cells.15–18

Recent breakthrough in photovoltaic devices has developed
a stable and durable CH3NH3PbI3 perovskite solar cell with
a stable efficiency of 8%, which overcomes the problem of PSC's
application in the ambient environment.19 CH3NH3PbI3 thin
lms have the piezoelectric properties in recent experiments.20

Piezoelectric materials have been used to design energy har-
vesting devices, such as piezoelectric generator.21

From semiconductor physics point of view, light manage-
ment and carrier management are two critical factors deter-
mining the performance of solar cells.22 The basic principle of
a solar cell is that photo-generated electron–hole pairs are
separated on the interface of metal–semiconductor or p–n
junction. In piezo-phototronic solar cell, piezoelectric charges
increase the built-in electric eld, which can efficiently
enhance the separation of electron–hole pairs and improve
the carrier management.15 The piezo-phototronic perovskite
solar cells can be a promising candidate for exible OPV
devices. There are several newly discovered semiconductor
properties of CH3NH3Pb3I3. The large piezoelectric constant
(0.83 C m�2) and the small relative dielectric constant (32) of
the perovskite materials result in higher current density and
higher adjustability. The adjustability shows the higher
modulation of output parameters including open-circuit
voltage, output power density, ll factor, PCE as well as the
regulator further presented. Besides, the stable and durable
CH3NH3PbI3 also demonstrates perfect output characteristics
with short circuit current density as 14 mA cm�2 and open
circuit voltage as 0.45 V, comparable to other novel solar
energy conversions, which sets the foundation for the high-
performance PPSC.19
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Schematic and energy band diagram of a piezo-phototronic perovskite solar cell. (b) Schematics and energy band diagram of the PPSC
with tensile strain applied. (c) Schematics and energy band diagram of the PPSC with compressive strain applied. The transitional color indicates
the distribution of the piezo-potential on the CH3NH3PbI3 thin film.
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This work provides a prototype of the perovskite piezo-
phototronic solar cell, which has improved performances by
applying piezoelectric and photovoltaic properties of CH3NH3-
PbI3 thin lms. A schematic of the device architecture is shown
in Fig. 1. The main structure is the perovskite material sand-
wiched by CuI (as HTM) and TiO2 (as ETM). The upper layer is
an Au electrode, while the base is the PET substrate. Here, we
treat the interface between the top layer and the layer beneath
as metal–semiconductor (M–S) contact, and the bottom contact
(between the base layer and the layer on its top) as ohmic
contact. When compressive and tensile strains are applied on
the CH3NH3PbI3 layer, the piezoelectric polarization charges are
induced at the contact. Fig. 1(b) and (c) show the modulation
role in the Schottky barrier played by piezoelectric eld, which
can increase or decrease the barrier respectively. The charac-
teristic parameters to measure the performance of solar cells,
such as current–voltage characteristics, open circuit voltage,
maximum output power, ll factor, and power conversion effi-
ciency are studied. The principle of piezo-phototronic solar cell
can offer a unique and novel approach to produce an organic
photovoltaic cell with stability, higher efficiency and lower cost.
2. Piezo-phototronic modulation on
PPSC

Previous research works have elucidated the characteristics of
piezo-phototronic solar cell by semiconductor physics and
piezoelectric theory. Here, the detailed PPSC theoretical anal-
ysis is presented combining the physics-based analytical model
for perovskite solar cells23 and piezo-phototronic theory. Given
the extraordinarily long diffusion length,24,25 the recombination
in the perovskite layer is ignored, so the analytical model of
diffusion and dri of photo-generated carriers can be derived
as:

D
v2nðxÞ
vx2

þ mEðxÞ vnðxÞ
vx

þ GðxÞ ¼ 0 (1)
This journal is © The Royal Society of Chemistry 2018
D
v2pðxÞ
vx2

þ mEðxÞ vpðxÞ
vx

þ GðxÞ ¼ 0 (2)

where n/p is the electron/hole concentration, D and m are the
diffusion coefficient and mobility, respectively, and G(x) repre-
sents photogeneration varying with the position x. E(x) is the
electric eld with the perovskite layer determined by the
position.

Then the detailed current–voltage characteristics can be
expressed as:

Jdark ¼
�
af � Jf0 þ ab � Jb0

��
e
qV

kT
�1
�

Jphoto ¼ qGmaxðA� Be�mÞ
J ¼ Jdark þ Jphoto

(3)

where A, B, a, m are the functions of t0 (the thickness of the
perovskite layer), Jf0 and Jb0

are the dark diode current at the
transport layer, Vbi is the built-in potential across the perovskite
layer, D is the diffusion coefficient, s is the effective surface
recombination velocity, Wd is the equilibrium depletion width,
Gmax is the integration of the position-dependent photon
absorption by calculating the transfer matrix.

Based on piezo-phototronic theory, the current density of
piezo-phototronic solar cell is given by:

J ¼ JMS exp

 
q2rpiezoWpiezo

2

23skT

!�
exp

�
qV

kT

�
� 1

	
� Jsolar (4)

where JMS is the saturation current density at the MS interface,
rpiezo expresses the density of the piezoelectric charges,Wpiezo is
the width of charges distribution, k is the Boltzmann constant,
T denotes the temperature, 3s represents the dielectric constant,
Jsolar is the short circuit current density, and V stands for the
applied voltage.

The open circuit voltage can be expressed as:

Voc z
kT

q

"
ln

�
Jsolar

JMS

�
þ q2rpiezoWpiezo

2

23skT

#
(5)
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where g represents the scale ratio which depicts piezo-
phototronic modulation for open circuit voltage and output
characteristics of piezo-phototronic solar cell:

g ¼
q2rpiezoWpiezo

2

23skT

ln

 
Jsolar

JMS

! (6)

In solar cell physics, the ll factor is the ratio of the
maximum output power to the product of open circuit voltage
and short circuit current, and can be obtained by:

FF ¼ Pm

JsolarVoc

¼ JmVm

JsolarVoc

(7)

Fill factor can be inuenced when the generation of charges
changes signicantly between open-circuit and short-circuit
conditions. In the classical dri-diffusion model, recombina-
tion process which depends on a complex interplay between the
effects of thickness,26 charge transport, recombination strength
and light intensity plays an important role in the loss of photo-
generated pairs.27 However, the extraordinarily long diffusion
length25 in perovskite materials is larger than the active layer,
thus the effect of recombination is neglected in this work.

The power conversion efficiency (PCE) is the ratio of
maximum output power to the total incident power, which can
evaluate the overall efficiency of the solar cell. The PCE can be
obtained as:

PCE ¼ JsolarVocFF

Pin

(8)
Fig. 2 (a) Schematic of a PPSC with CH3NH3PbI3 thin film sandwiched b
when applied compressive strains ranging from �0.9% to 0.9% applied. (
applied. (d) Maximum output power and open-circuit voltage under vari

8696 | RSC Adv., 2018, 8, 8694–8698
3. Results and discussion

Typical parameters and coefficients are used to calculate the
open circuit voltage, maximum output power, power efficiency,
and ll factor. The temperature is set to 300 K, the width of
piezo-charges distribution Wpiezo is 54.3 nm,28 the relative
dielectric constant is 32. The piezoelectric constant of polar
conguration of single crystal CH3NH3PbI3 which has molec-
ular dipoles aligned preferentially along c-axis while distributed
isotopically within the ab plane is used in the calculation and
the piezoelectric constant along c-axis for CH3NH3PbI3 is 0.83 C
m�2.20

Fig. 2(a) presents the calculation model. A layer of CH3-
NH3PbI3 is sandwiched between upper HTM and bottom TiO2

composite layer. The J–V characteristics of the PPSC with
externally applied strain ranging from �1% to 1% at a short
circuit current density of 14 mA cm�2 is shown in Fig. 2(b).
Fig. 2(c) shows the relation between the output power and
voltage, which means the current density increases propor-
tionally to applied strains, and peaks at Vm. By solving the above
equations, the Voc and Pm as a linear function of the strain are
shown respectively in the Fig. 2(d). The introduction of the
piezo-phototronic effect improves the performance of the PPSC
evidenced by the increased Vm and Pm.

The modulation ratio g of PPSC in relation to Wpiezo and
strain 3 is shown in Fig. 3(a). WhenWpiezo increases from 48 nm
at�1.0% compressive strain to 55 nm at 1.0% tensile strain, the
ratio g varies from �1.56% to 1.79%. While an external strain is
applied in the CH3NH3PbI3 layer, the performance of the PPSC
improves linearly. Fig. 3(b) is the g as a function of strain when
Jsolar is 14 mA cm�2 and 15.9 mA cm�2.29 Themodulation ratio g

increases with the width of piezo-charge distribution Wpiezo, as
etween CuI and TiO2. (b) Relative current density varying with voltage
c) Output power of a PPSC as a function of voltage with various strains
ous compressive strains.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Fill factor and (b) power conversion efficiency of PPSC with strain ranging from �1% to 1%.

Fig. 3 (a) The ratio g of PPSC varies with g and strain. (b) The ratio g of PPSC increases with strain from �1% to 1% while Jsolar is 14 mA cm�2 and
15.9mA cm�2. (c) The control ratio g of PPSC as a function ofWpiezo with strains as 0.2%, 0.6% and 1% respectively. (d) The control ratio g of PPSC
changes with strain based on different perovskite materials: CH3NH3PbI3 and BATiO3.
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illustrated in Fig. 3(c). Fig. 3(d) presents that the ratio g as
a function of the applied strain for two different piezoelectric
perovskite materials: CH3NH3PbI3, BaTiO3. The piezoelectric
constants for these two materials are 0.83 C m�2 (CH3NH3PbI3),
6.3 C m�2 (BaTiO3),30 respectively. The relative dielectric
constants are 32 (CH3NH3PbI3), 600 (BaTiO3),31 respectively.
Fig. 3(d) shows that the g of CH3NH3PbI3 increases more
signicantly than that of BaTiO3 with strain varying from �1%
to 1%. Though the piezoelectric constant e33 of BaTiO3 is much
higher than that of the CH3NH3PbI3, the regulation ability is
restricted because of its extremely high dielectric constant.
Using the eqn (4) and eqn (5), FF and PCE, two parameters
describing the performance of PSCs, are presented in Fig. 4(a)
and (b) with the externally applied strain varying from �1% to
1%. Fill factor and power conversion efficiency of CH3NH3PbI3
piezo-phototronic solar cell are enhanced due to increasing
maximum output power and open circuit voltage with the
external strain applied.
This journal is © The Royal Society of Chemistry 2018
4. Conclusion

In summary, the theoretical model of piezo-phototronic perov-
skite solar cells is presented and subsequently calculated in this
paper. The open circuit voltage, maximum output power, ll
factor and power efficiency are calculated and analyzed. Piezo-
phototronic perovskite solar cells have enhanced performance
under applied strains. Furthermore, compared to other piezo-
electric materials, CH3NH3PbI3 demonstrates superior poten-
tial for applications in high-efficiency piezo-phototronic solar
cells for its relatively high modulation factor and easier fabri-
cation process. The theoretic results deepen the physical
understanding of the piezo-phototronic perovskite solar cells
and provide future guidance for the design of organic photo-
voltaic nanodevices.
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5 G. E. Eperon, M. T. Hörantner and H. J. Snaith, Nat. Rev.
Chem., 2017, 1, 0095.

6 J. Huang, Y. Yuan, Y. Shao and Y. Yan, Nat. Rev. Mater., 2017,
2, 17042.

7 A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, J. Am.
Chem. Soc., 2009, 131(17), 6050–6051.

8 Y. Yang and J. You, Nature, 2017, 544(7649), 155–156.
9 O. Ergen, S. M. Gilbert, T. Pham, J. Turner Sally, Z. Tan Mark
Tian, A. Worsley Marcus and A. Zettl, Nat. Mater., 2016, 16,
522.

10 T. Jiang and W. Fu, RSC Adv., 2018, 8(11), 5897–5901.
11 W. Wu and Z. L. Wang, Nat. Rev. Mater., 2016, 1, 16031.
12 K. Zhang, M. Peng, W. Wu, J. Guo, G. Gao, Y. Liu, J. Kou,

R. Wen, Y. Lei, A. Yu, Y. Zhang, J. Zhai and Z. L. Wang,
Mater. Horiz., 2017, 4(2), 274–280.

13 H. Zou, X. Li, W. Peng, W. Wu, R. Yu, C. Wu, W. Ding, F. Hu,
R. Liu, Y. Zi and Z. L. Wang, Adv. Mater., 2017, 29(29),
1701412.

14 Z. L. Wang and J. Song, Science, 2006, 312(5771), 242.
15 Y. Zhang, Y. Yang and Z. L. Wang, Energy Environ. Sci., 2012,

5(5), 6850.
16 D. Q. Zheng, Z. Zhao, R. Huang, J. Nie, L. Li and Y. Zhang,

Nano Energy, 2017, 32, 448–453.
8698 | RSC Adv., 2018, 8, 8694–8698
17 L. Zhu, L. Wang, C. Pan, L. Chen, F. Xue, B. Chen, L. Yang,
L. Su and Z. L. Wang, ACS Nano, 2017, 11(2), 1894–1900.

18 L. Zhu, L. Wang, F. Xue, L. Chen, J. Fu, X. Feng, T. Li and
Z. L. Wang, Adv. Sci., 2017, 4(1), 1600185.

19 N. Rajamanickam, S. Kumari, V. K. Vendra, B. W. Lavery,
J. Spurgeon, T. Druffel and M. K. Sunkara, Nanotechnology,
2016, 27(23), 235404.

20 S. Liu, F. Zheng, I. Grinberg and A. M. Rappe, J. Phys. Chem.
Lett., 2016, 7(8), 1460–1465.

21 R. Ding, X. Zhang, G. Chen, H. Wang, R. Kishor, J. Xiao,
F. Gao, K. Zeng, X. Chen, X. W. Sun and Y. Zheng, Nano
Energy, 2017, 37(Suppl C), 126–135.

22 S. M. Sze, Physics of Semiconductor Devices, Wiley, New York,
1981.

23 X. Sun, R. Asadpour, W. Nie, A. D. Mohite and M. A. Alam,
IEEE Journal of Photovoltaics, 2015, 5(5), 1389–1394.

24 V. Gonzalez-Pedro, E. J. Juarez-Perez, W.-S. Arsyad,
E. M. Barea, F. Fabregat-Santiago, I. Mora-Sero and
J. Bisquert, Nano Lett., 2014, 14(2), 888–893.

25 S. D. Stranks, G. E. Eperon, G. Grancini, C. Menelaou,
M. J. P. Alcocer, T. Leijtens, L. M. Herz, A. Petrozza and
H. J. Snaith, Science, 2013, 342(6156), 341.

26 T. Kirchartz, T. Agostinelli, M. Campoy-Quiles, W. Gong and
J. Nelson, J. Phys. Chem. Lett., 2012, 3(23), 3470–3475.

27 D. Bartesaghi, C. Perez Idel, J. Kniepert, S. Roland,
M. Turbiez, D. Neher and L. J. Koster, Nat. Commun., 2015,
6, 7083.

28 L. Wei, Z. Aihua, Z. Yan and W. Zhong Lin, Nanotechnology,
2016, 27(20), 205204.

29 Y. Okamoto and Y. Suzuki, J. Phys. Chem. C, 2016, 120(26),
13995–14000.

30 A. I. Lebedev, J. Adv. Dielectr., 2012, 02(01), 1250003.
31 B. Bajac, J. Vukmirovic, D. Tripkovic, E. Djurdjic, J. Stanojev,
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