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which allow the charges to be effi ciently collected along the 
lateral direction. Strong piezoelectric effect is observed in OTP 
single crystals, which enables the poling of the single crystals 
under nonuniform electric fi eld. The strain-generated grain 
boundaries provide paths for the ion migration to form a  p – i – n  
structure. 

 The photovoltaic devices had a lateral structure of electrode/
MAPbI 3 /electrode, [ 24 ]  and they were fabricated by depositing 
two parallel electrode on one facet of the MAPbI 3  single crys-
tals (MSCs). The electrode materials could be varied conduc-
tive materials such as carbon, [ 29 ]  gold (Au), [ 24 ]  etc. which do 
not react with OTP. Devices studied in this report use gold as 
electrode because of the higher stability of Au on perovskite 
during different measurement, which could well demonstrate 
the concept of lateral-structure single crystal solar cell. For the 
devices studied in this report with a structure of Au/MAPbI 3 /
Au, there was negligible photovoltaic effect for the as-prepared 
devices with the symmetrical Au electrodes. It has been estab-
lished previously that an electrical poling is required to break 
the electrode symmetry so that a  p – i – n  structure, induced by 
ion migration and self-doping, can be formed. [ 24,27–30 ]  Never-
theless, as reported in the previous work, [ 24 ]  the grain bounda-
ries might be the dominating path for ion migration under the 
applied fi eld in the OTP polycrystalline thin fi lms, because the 
energy barrier for ion migration within the grain boundaries is 
half as large as compared to in the bulk. This imposes a funda-
mental challenge for the poling of single-crystal OTPs devices 
because of the absence of grain boundaries in them. [ 24 ]  

 Interestingly, we discovered the OTP single crystals showed 
strong piezoelectric effect. The grain boundaries caused by 
the crystal facture, which is caused by the piezoelectric poling, 
in single crystal enabled ion migration, which resulted in the 
 p – i – n  structure formation. Piezoelectric effect is a reversible 
process exhibiting both the direct piezoelectric effect (electrical 
charges generated by an applied mechanical force) and reverse 
piezoelectric effect (mechanical strain response to an applied 
electrical fi eld) [ 31,32 ]  Previous work of Coll et al. has studied the 
local piezoelectric response of polycrystalline OTP fi lm with 
piezoresponse force microscopy (PFM) measurement. [ 33 ]  Nev-
ertheless, study of the piezoelectric response from a large size 
single-crystal device is needed for direct evidence and quantita-
tive measurement of the piezoelectric properties of OTP crys-
tals, since the local PFM study on polycrystalline fi lm could 
be limited by the inaccurate estimation of tip contact area and 
other artifacts [ 34 ]  coming from surface topography and crystal 
orientation. [ 35–37 ]  To verify the piezoelectric effect, we fabri-
cated a single-crystal device with a different vertical structure, 
i.e., a MAPbI 3  single crystal sandwiched by two electrodes on 

  The effi ciencies of solution-processed organometal trihalide 
perovskite (OTP) solar cells are now rivaling that of single-
crystal silicon solar cells, [ 1–22 ]  but they are built on transparent 
electrodes which constitute for a major part of the cost of these 
devices despite OTP materials are cheap. [ 23,24 ]  The development 
of OTP devices with a lateral, or coplanar, structure enables 
dramatic cost reduce of OTP solar cells by eliminating expen-
sive transparent electrodes. [ 23,24 ]  It also enhances the light har-
vesting effi ciency because of eliminated loss of light by the 
transparent electrodes through absorption, refl ection, and scat-
tering, and allows light trapping using a simple texture struc-
ture as established in single-crystal silicon solar cells. [ 25,26 ]  In 
addition, the confi guration of lateral-structure solar cells facili-
tates vertical stacking of subcells with complimentary absorp-
tion spectra to capture sun light with a wider wavelength range 
(patent pending). Nevertheless, the carrier diffusion lengths 
in the polycrystalline OPTs are still too small to yield effi cient 
lateral-structure OPT solar cells due to the strong scattering 
of charge carriers at the grain boundaries. [ 24,27 ]  The highest 
power conversion effi ciency (PCE) obtained with polycrystalline 
lateral-structure OTPs was below 0.1%. [ 27 ]  Our recent discovery 
of very long carrier diffusion length > 175 micrometers (µm) 
in single-crystalline methylammonium lead triiodide (MAPbI 3 ) 
provides a new opportunity to revisit the lateral-structure device 
as a means to achieving high effi ciency in OTP solar cells. [ 28 ]  

 Here we show that hybrid perovskite solar cells can be fabri-
cated with a lateral structure using OTP single crystals, which 
eliminates the need for transparent electrodes. Replacing the 
polycrystalline OTP thin fi lms with the single crystals yields 
an effi ciency enhancement of 44 folds, enabled by much 
longer carrier diffusion lengths in the OTP single crystals 
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two parallel facets of the crystals as shown in  Figure    1  a. This 
device showed positive and negative voltage pulse when it was 
squeezed and released by simple striking it gently (Figure  1 b), 
providing a direct evidence for the presence of piezoelectric 
effect in MAPbI 3  single crystals. [ 31,32 ]  We did not see such a 
phenomenon in the reference device based on MAPbI 3  poly-
crystalline thin fi lm with the same test condition as single 
crystal devices. This possibly due to the random distribution 
of grain orientation in polycrystalline fi lms, which indicates a 
single crystal is critical for the piezoelectric property measure-
ment. As the laser interferometry method has been proved to 
be reliable and high in accuracy from previous piezoelectric 
coeffi cient measurement, [ 38 ]  for our single crystal sample, a 
high-resolution Mach–Zehnder interferometer was adopted to 
record the crystal shape change under an applied alternating 
electric fi eld in the range of 1–20 kV m −1  for piezoelectric coef-
fi cient measurements, with the setup shown in Figure  1 c. [ 39 ]  
The measured piezoelectric coeffi cient ( d  33 ) is 2.7 pm V −1  along 
[001] direction (Figure  1 d), with no observable electrostriction 
effect for the MAPbI 3  single crystals.  

  Figure    2  a shows an image of the lateral-structure MAPbI 3  
single-crystal device. Since the electric fi eld applied in the lat-
eral-structure devices was nonuniform, with a higher fi eld close 
to the electrode region as illustrated in Figure  2 b, the fi eld-
induced strain was highly nonuniform. The nonuniform crystal 
strain in the lateral-structure devices caused a crystal-plane dis-
placement when the applied electric fi eld reached 1 Vµm −1 , as 
shown in Figure  2 c and d. A dense array of stripes appeared 
upon the application of a poling bias of 50 V on Au electrodes 

(Figure  2 e) and disappeared after turning off the applied poling 
bias (Figure  2 f). During the poling of the MAPbI 3  single crystal 
under a relatively high poling fi eld of 1 Vµm −1 , two sets of par-
allel strip lines showed up on the surface of the MAPbI 3  single 
crystal, which is likely formed by the slipping of the weakly 
bonded (100) planes with respect to each other to relieve the 
accumulated strain. Although the crystal recovered its shape 
in macroscopic scale after turning off the applied bias, there 
should be defects generated in the crystal during the poling 
process. The slipping-generated interfaces/grain boundaries 
and dislocation lines are proposed to provide a high-speed 
channel for the ion migration under the electric fi eld, resulting 
in the formation  p – i – n  structure by the ion doping. [ 24 ]  The for-
mation of  p – i – n  junction after poling in single crystals can be 
verifi ed by the  J – V  characteristics of diodes (rectifi cation) in the 
dark. As shown in Figure S1 in the Supporting Information, 
the devices showed signifi cantly improved rectifi cation property 
after poling compared with the symmetric  J – V  curve before 
poling, which indicates the formation of  p – i – n  structure.  

 The  p – i – n  or  n–i–p  doping can be tuned by changing the 
poling direction. The formation of reversible  p–i–n  struc-
ture was induced by ion drift under applied electric fi eld in 
the perovskite layer as described in our previous work. [ 24,27 ]  The 
direction of ion migration can be controlled by the direction of 
applied electric fi eld for the formation of  p – i – n  or  n–i–p  doping. 
 Figure    3  a shows the typical switchable photovoltaic behavior 
of a lateral Au/MSC/Au device. The open-circuit voltage ( V  OC ) 
direction was in agreement with the poling bias direction. The 
much longer diffusion length in the MAPbI 3  single crystals 
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 Figure 1.    Piezoelectric measurement of MAPbI 3  single crystals. a) Set up and b) voltage output over time recorded by oscilloscope by striking the single 
crystal gently. The single crystal device in this study had two electrodes deposited on parallel surfaces of the crystal. c) Set up of the high-resolution 
Mach–Zehnder interferometer for the piezoelectric coeffi cient measurements. d) Plot of the intensity modulation Δ I  versus amplitude of the 1 kHz ac 
electric fi eld applied across the crystal. The crystal was poled under 0.1 V µm −1  electric fi eld across the paralleled electrodes for 5 min then turned off, 
while the small sinusoidal ac voltage at frequency of 1 kHz acted as the piezoelectric driving fi eld.
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than in polycrystalline thin fi lms resulted in much more effi -
cient charge collection. Figure  3 b shows the photocurrents of 
a MAPbI 3  lateral-structure single-crystal device and a lateral-
structure polycrystalline thin fi lm device with the same elec-
trode spacing of 50 µm under white illumination with an inten-
sity of 25 mW cm −2  (0.25 sun). Polycrystalline thin fi lm and 
device was fabricated on glass substrate by the interdiffusion 
method reported in our previous work and the fi lm was con-
tinues and had full coverage, [ 24,27 ]  The MAPbI 3  lateral-structure 
single crystal device showed a  J  SC  of 2.28 mA cm −2  (Figure  3 b), 
which is about 33 times larger than that of the lateral-structure 
polycryalline devices. And the  V  OC  increased signifi cantly from 
0.61 V for the thin-fi lm device to 0.82 V for the single crystal 
device. The normalized EQE curve of MSC lateral structure 
device shown in Figure  3 c shows a signifi cant extension of the 
cutoff to ≈850 nm, in contrast to the cutoff of 800 nm from 
MAPbI 3  thin fi lm devices, which is in consistent with the result 
in vertical-structure single-crystal device. [ 28 ]  It is caused by the 
below bandgap absorption which only becomes signifi cant in 
the very thick single crystals. It can potentially boost the  J  SC  
upper limit of the MAPbI 3  single crystal based solar cells.  

 The  V  OC,  short circuit current density ( J  SC ) and PCE of the 
MAPbI 3  lateral-structure single-crystal device is strongly tem-
perature dependent. As shown in Figure  3 d, a highest PCE of 

5.36 % is reached at 170 K for the lateral-structure single crystal 
device, with a high  J  SC  comparable to the best thin-fi lm solar 
cells under the same light intensity. The  J  SC  increased when 
the temperature was reduced from 250 to 170 K, which should 
be ascribed to the enhanced carrier mobility and reduced 
charge recombination rate at lower temperatures. There was 
a sharp transition of  J  SC  variation trend at 170 K, which cor-
responds to crystal phase transformation from tetragonal to 
orthorhombic. [ 40,41 ]  The  J  SC  decreased at further reduced tem-
perature from 170 to 77 K. The different trends of  J  SC  variation 
with temperature across the phase transformation temperature 
may be related to the exciton dissociation effi ciency. It was 
reported that exciton screening effect by collective orientational 
motion of the organic cations in the tetragonal phase leads to 
the easy dissociation of the excitons into free carriers. [ 40 ]  In the 
orthorhombic phase, the motion of organic cations is restricted 
and bound-exciton forms, [ 40 ]  resulting in the decreased  J  SC  at 
lower temperature. However more study is needed to fi nd out 
the exact mechanism. The  V  OC  of lateral-structure single-crystal 
device reached 0.8–0.9 V, which is the same as previously 
reported vertical-structure polycrystalline devices without a 
hole transport layer. [ 29,42 ]  Optimization of the electrode material 
work function, as well as incorporation of electron/hole trans-
port layers to achieve a better energy-level alignment should 
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 Figure 2.    Piezoelectric poling of MAPbI 3  lateral structure single-crystal solar cells. a) An image of MAPbI 3  lateral structure single-crystal device. 
b) Illustration of the poling electric fi eld distribution in top surface and cross-section of a lateral single crystal device. c,d) Scheme of electromechanical 
strain generated grain boundaries and irons migration in MAPbI 3  single crystals. e,f) Images of MAPbI 3  lateral structure single-crystal devices with 
and without applied electric fi eld.
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further increase the PCE and  V  OC  of the lateral-structure single-
crystal solar cells. The PCE of the lateral-structure device was 
1.88 % at room temperature, representing a 44-fold enhance-
ment compared to the thin-fi lm lateral-structure polycrystalline 
devices. [ 27 ]  The lateral-structure single-crystal devices showed a 
small photocurrent hysteresis with changed  J – V  scan rate and 
scan directions as shown in Figure S2 in the Supporting Infor-
mation. The scan rate-dependent hysteresis test was in time 
scale of minutes that is consistent with the stabilized photocur-
rent output of the device at the maximum power point ( J  MPP ). 
Figure S2b in the Supporting Information shows the  J  MPP  for 
a continuous testing over 1 h. The value of  J  MPP  rose to a peak 
value of approximately 1 mA cm −2  in 2 min under 0.25 sun 
illumination at room temperature, and then reached a stable 

output of ≈1 mA cm −2  again after experiencing a dip. The varia-
tion of photocurrent output can be possibly caused by the com-
bination of trap fi lling process and ions redistribution driven by 
the photovoltage. [ 43 ]  

 Photocurrent scanning was conducted on a MAPbI 3  lateral-
structure single-crystal device with 70 µm electrodes spacing to 
evaluate the charge collection length in these single crystals. [ 44 ]  
The much longer carrier diffusion length of the single crystal 
principally allows the using of focused laser beam instead of 
electron beam to locally genera the charges. [ 38 ]  The device was 
loaded onto a programmable  X – Y  position stage, and was illumi-
nated by a focused 632 nm laser beam with a focused light spot 
size of approximately 1 µm on the MSC surface ( Figure    4  a). [ 44 ]  
Figure  4 b shows the relative photocurrent intensity by scanning 
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 Figure 4.    Photocurrent scanning across a MAPbI 3  lateral structure single-crystal device. a) Setup of photocurrent scanning and b) photocurrent scan-
ning result measured as a function of the beam position scanning from anode to cathode of the MSC device.

 Figure 3.    Device performance of MAPbI 3  single-crystal solar cells. a) Switchable photovoltaic effect of a MAPbI 3  lateral-structure single-crystal solar cell with 
positive and negative poling. b) Photocurrents of the MAPbI 3  single crystals and polycrystalline thin fi lms with a same electrode spacing of 50 µm under 
25 mW cm −2  illumination at room temperature. c) EQE curve and d) temperature-dependent device performance of the MAPbI 3  single-crystal solar cell.
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laser spot across anode to cathode of the lateral-structure 
device. There is an increasing photocurrent toward the center, 
while there is a relatively fl at region of photocurrent gener-
ated close to the center, where the photo-generated electrons 
and holes should be most effi ciently collected by the cathode 
and anode with a good balance. We speculated a comparable 
electron or hole diffusion length of approximately 45 µm in the 
MAPbI 3  single crystals reported here. [ 45,46 ]  The carrier diffu-
sion length is smaller than previously reported because there 
are grain boundaries generated during electrical poling process 
which induce more defect than the single crystal before poling. 
However, the carrier diffusion length in poled single crystal is 
still much longer than polycrystalline thin fi lms, so the charges 
can be collected in lateral direction. The poling-induced crystal 
damage should be the main limitation of device performance 
for lateral device, but at the same time it also indicates a way 
to further increase the effi ciency of lateral-structured solar cell 
by minimize the damage to the crystal. For example, one can 
develop new method to achieve  p – i – n  structure by direct doping 
of OTP single crystal below the two electrodes, similar to the 
method of doping in silicon transistor fabrication. The PCE 
of 1.88% for lateral-structure single crystal solar cell at room 
temperature is still lower than effi ciencies commonly reported 
for vertical devices, but it is promising considering fact that the 
fi rst perovskite solar cell was not effi ciency either.  

 In summary, the lateral-structure devices made from solu-
tion-grown OTP single crystals open a new route to fabrica-
tion of effi cient low-cost solar cells with a very simple device 
structure of metal/crystal/metal. This innovation eliminates the 
need for more expensive and effi ciency-reducing transparent 
electrodes. The transparent electrode-free device structure also 
provides a new paradigm to enhance the light absorption effi -
ciency in active layer. We speculate that intentionally doped per-
ovskite layers at the cathode and anode sides, rather than those 
formed by electrical poling, should further increase the PCE of 
these lateral-structure single-crystal structure devices, because 
it will preserve the long carrier diffusion length of the single 
crystals. The demonstration of effi cient lateral perovskite solar 
cells allows new design of tandem devices by integrating per-
ovskite devices with other types of solar cells.  

  Experimental Section 
  Device Fabrication and Characterization : Single crystals were prepared 

by slowly cooling down the supersaturated MAPbI 3  precursor solution 
from 110 to 60 °C with a cooling rate of approximately 0.1–0.5 °C h −1 . The 
precursor solution was prepared as previously reported. [ 28 ]  The resulted 
crystals were separated from mother solution, and then washed with 
diethyl ether and isopropyl alcohol. The lateral-structure single-crystal 
devices were fabricated by depositing parallel Au bar electrodes (75 nm 
thick) with varied spacing on one facet of the MSCs by vacuum thermal 
evaporation with shadow masks. For  J – V  test, both side of gap spacing 
on top crystal surface was covered by metal electrodes as a function of 
mask for accurate defi nition of device working area. The working area 
of MSC lateral solar cell was 50 µm × 1000 µm. Then MSCs with Au 
electrodes were poled by applying 50–200 V bias for varied duration. 
The poling process and the following measurements on lateral-structure 
solar cells were conducted in a probe station chamber under a vacuum 
of 10 −5  Pa, under white light (25 mW cm −2 ) through a quartz window. 
The temperature was decreased to 77 K and the temperature-dependent 
device performance was measured with slowly increased temperature at 

350 K. N 2  atmosphere was used to protect the sample from moisture 
during current mapping measurement. 

  Piezoelectric   Coeffi cient Measurement : Two paralleled crystal facets 
were chosen to deposit Au electrode (75 nm) for the measurement. 
A collimated He–Ne laser beam (wavelength of 632 nm) with a spot 
size of ≈2 mm came in perpendicular onto the crystal top (001) surface. 
The bottom crystal plane was glued to the sample holder which is fi xed, 
while the top surface of the crystal could move freely. The thickness 
change under applied electric fi eld was measured by the interferometer.  
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