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1. Introduction

Owing to the superior optoelectronic properties, for example, 
long carrier lifetime,[1] high absorption coefficient,[2] and 
exceptional defect tolerance,[3] organic/inorganic hybrid per-
ovskites have been emerged as the most fascinating semicon-
ductor for the application in various fields,[4–7] particularly in 
solar cells.[8] In contrast to the polycrystalline films, perovskite 
single crystals (PSC) possess the advantages of smaller trap 

Perovskite single crystal (PSC) possesses fewer bulk defects than the 
polycrystalline film counterpart, which has received extensive attention 
in a number of optoelectronic device applications. But the management 
of carrier behavior in an efficient solar cell based on PSC is not reported 
yet. Here, the carrier behavior within the device based on the ITO/NiOx/
(FAPbI3)0.85(MAPbBr3)0.15/TiO2/Ag structure (FA = CH(NH2)2

+, MA = 
CH3NH3

+), in which the mixed PSC is successfully implemented into solar 
cells for the first time, is investigated. The PSC films with lateral dimen-
sion from 500 µm to 2 mm and thickness over tens of micrometers, are 
obtained through the polydimethylsiloxane-assisted solvent evaporation 
method. The highest power conversion efficiency derived from the present 
device approaches 12.18%. It is revealed that the surface roughness and 
thickness of PSC, the operation temperature and thickness of transport 
layers, and the interfaces of transport layers/PSC largely impact the carrier 
extraction and device performance of the perovskite single-crystal solar 
cell (PSCSC). This work indicates that the carrier behavior in the absorber 
layer and transport layer has large impact on the performance of PSCSCs, 
while the underlying design rule represents an important step to advance 
the PSCSCs and other optoelectronic devices.
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densities (≈1010 cm−3) and better trans-
port properties (≈60 cm2 V−1 s−1).[9,10] 
These characteristics will potentially 
enable the corresponding optoelectronic 
devices with improved performance, and 
it has been predicted that the perovskite 
single-crystal solar cells (PSCSCs) could 
achieve 25% power conversion efficiency 
(PCE).[11,12] Different from the inorganic 
single crystals (e.g., Si, GaAs), an addi-
tional attribute of organic–inorganic 
perovskite single crystals is the ease of 
their synthetic method that varied from 
the antisolvent vapor-assisted crystalliza-
tion,[10,13] the inverse temperature crys-
tallization,[14,15] the temperature-lowering 
method[9,16,17] based on solution, etc. 
Therefore, it is of extreme interest to 
investigate PSCSC, which may facilitate 
fundamental understanding regarding 
intrinsic materials property and device 
physics to develop most promising perov-
skite solar cells.

To enable an efficient PSCSC, research 
efforts are focused on realizing high-

quality perovskite single crystals with desired dimension, 
as well as the optimum device structure through exquisite 
control on the interfaces. Initially, an inverted PSCSC (ITO/
PEDOT:PSS/CH3NH3PbI3/PCBM/ZnO/Al) has been demon-
strated with a 1.73% PCE, while the droplet-pinned crystal-
lization method induced an incomplete coverage of MAPbI3  
(MA = CH3NH3

+) single-crystal arrays with width of tens 
of micrometers and the thickness over the range from about  
300 nm to about 3 µm.[18] A lateral PSCSC based on the  
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Au/bulk MAPbI3 single crystal (≈50 µm channel length)/Au 
structure delivered 1.88% PCE at room temperature without 
employing carrier transport layers.[19] Subsequently, a single-
crystal film with thicknesses of tens of micrometers, and lat-
eral dimensions ranging from hundreds of micrometers to  
3 mm were obtained via the cavitation-triggered asymmetrical 
crystallization strategy. By employing the structure of FTO/
TiO2/MAPbBr3/Au, the PSCSC with the thinnest film (1 µm 
in thickness) produced the highest efficiency (6.53%).[20] Thin 
single crystals with substantially larger lateral size (6 mm ×  
8 mm) and the controllable thickness of micrometers (16 µm)  
were obtained by the space-limited inverse temperature crys-
tallization, and achieved 7.11% PCE when implemented in 
the FTO/TiO2/MAPbBr3/Spiro/Au structure.[21] A PCE of 
8.78% was demonstrated for the FTO/TiO2/MAPbI3/Spiro/
Ag PSCSC,[22] in which the MAPbI3 film with the thickness 
varying from few micrometers to 200 µm was obtained by 
the space confined growth (SCG). The published highest 
efficiency of PSCSC (ITO/PTAA/MAPbI3/PCBM/C60/BCP/
Cu) was 17.8%,[23] where hydrophobic interface confined lat-
eral growth method was used to synthesize the millimeter-
size single crystal with thickness of 10–20 µm. It points out 
that the perovskite single-crystal film with desired lateral size 
and thickness is the prerequisite to an efficient PSCSC, while 
good carrier extraction between perovskite/transport materials 
would further improve the photovoltaic efficiency. Despite 
the progress on the intriguing strategies to boost the device 
performance, a profound understanding of PSCSC in the per-
spective of the entire carrier dynamics pathway is necessary.

Herein, we developed a polydimethylsiloxane (PDMS)-
assisted solvent evaporation crystallization method to 
grow mixed halide perovskite single-crystal films, namely, 
(FAPbI3)0.85(MAPbBr3)0.15 (FA = CH(NH2)2

+) for the first 
time.[24] The carrier behavior in the single-crystal solar cells  
(ITO/NiOx/(FAPbI3)0.85(MAPbBr3)0.15/TiO2/Ag) was thor-

oughly studied through controlling the thickness and rough-
ness of single-crystal films, the operation temperature and 
thickness of transport layers, the interface of perovskite and 
electron transport layer (ETL)/ hole transport layer (HTL). 
The thinner and smoother surface of single crystal, accom-
panying with the implementation of TiO2 transport mate-
rials improved the carrier extraction and the resulting PCE 
of the devices. The hole extraction at the NiOx/single-crystal 
interface was also enhanced by controlling the evaporation 
rate of perovskite solution to avoid the formation of insu-
lating blocks. This leads to a 12.18% PCE in an inverted 
device architecture, which was also among the high-efficiency 
PSCSCs up till now. The detailed discussion about the device 
structure lays the foundation for the further improvement of 
PSCSCs and the performance of other optoelectronic devices, 
such as light-emitting diodes, field-effect transistors, and pho-
toconductive devices.

2. Results and Discussion

2.1. PDMS-Assisted Solvent Evaporation Crystallization

We grew (FAPbI3)0.85(MAPbBr3)0.15 single crystals with the PDMS-
assisted solvent evaporation crystallization method, as described 
in Figure 1a. One piece of PDMS with the thickness of 2 mm and 
an area of 3 cm × 3 cm was placed on the NiOx/ITO substrate, fol-
lowed by a quick injection of perovskite solution between PDMS/
substrate. After heating the substrate at 80 °C for 2 h, certain 
amount of regular hexagonal (FAPbI3)0.85(MAPbBr3)0.15 single 
crystals were crystallized on the substrates. The growth details 
can be found in the Experimental Section.

The quality of (FAPbI3)0.85(MAPbBr3)0.15 perovskite 
single crystals can be improved during the crystal growth by 
carefully controlling the solvent evaporation rate and thus the 
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Figure 1.  a) The growth mechanism of (FAPbI3)0.85(MAPbBr3)0.15 single crystals by the PDMS-assisted solvent evaporation crystallization method; 
photographs of b) single crystals under one piece of PDMS and c) one magnified crystal; the microscopy image of one regular single crystal: d) the 
cross-sectional scanning electron microscope (SEM) image and e) the atomic force microscope (AFM) image by scanning an area of 5 × 5 µm2.
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supersaturation degree. It has been a big challenge to grow 
single-crystal film with broad absorption such as MAPbI3, 
which may result from the different solubility of MAI and 
PbI2, and probably the intrinsic anisotropic growth of tetrag-
onal phase.[20] The MAPbX3 (X = I, Br, Cl) single-crystal film 
with adjustable thickness from nanometers to micrometers 
can be readily obtained by SCG strategy. However, tetragonal 
MAPbI3 single crystal with oblique angles at the edges exhibits 
substantially smaller lateral size than MAPbX3 (X = Br, Cl) 
single crystal under the same growth condition.[25] The charac-
teristic of PDMS allows the growth of iodide-based perovskite 
single crystal with relatively desired dimension and quality. 
PDMS is inherently high porosity that facilitates a gradual 
evaporation of solvent during crystallization, which may be 
particularly suitable for the growth of iodide-based perovskite 
single crystal. And the dimension of the single crystals could 
be controlled by the solvent evaporation rate. The obtained 
(FAPbI3)0.85(MAPbBr3)0.15 perovskite single crystal with thick-
ness of micrometers (≈10–50 µm) ranged from 500 µm to  
2 mm in lateral size, as shown in Figure 1b. Figure 1c presents 
a typical single crystal with a lateral size of ≈1 mm, while the 
surface of single crystal captured by the camera showed nearly 
mirror-like reflection, indicative of the relative smooth surface 
based on this growth method. The improved single-crystal sur-
face quality, when compared with the thickness-controllable 
method,[22] was likely attributed to the dewetting interface of 
PDMS/perovskite, whereas the surface of single crystal was 
protected from mechanical damage when PDMS was teared 
from the perovskite single crystal. A typical single-crystal film 
with thickness of 17.88 µm is shown in Figure 1d. The atomic 
force microscope (AFM) images of perovskite single-crystal 
surface showed a small root-mean-square roughness (0.74 nm) 
with a scanning area of 5 × 5 µm2 (Figure 1e). Therefore, we 
considered that the mixed iodide perovskite single-crystal film 
derived from the PDMS-assisted solvent evaporation crystalli-
zation method had well-defined shape and respectable dimen-
sion. The combination of the suitable dimension and the 
broad absorption of mixed iodide perovskite ((FAPbI3)0.85(M
APbBr3)0.15) could be beneficial to the fabrication of efficient 
single-crystal solar cells.

The crystal quality and optoelectronic properties of 
(FAPbI3)0.85(MAPbBr3)0.15 were characterized. We grounded 
the (FAPbI3)0.85(MAPbBr3)0.15 crystals bladed from the slides, 
and carried out the powder XRD measurement. The diffrac-
tion peak at 14°, 28°, and 32° (Figure 2a) corresponds to the 
(001), (002), and (012) diffraction peak of cubic (FAPbI3)0.85

(MAPbBr3)0.15.[26] Meanwhile, the clear (hk0) diffraction pat-
tern from single-crystal XRD measurement indicated the high 
quality of single crystal (Figure 2b). According to Figure 2c, the 
cutoff absorption wavelength of single crystal was 825 nm, and 
the PL emission peak was located at 775 nm. The bandgap of 
the single crystal was near 1.50 eV, which was similar to the 
published value.[26] The confocal laser scanning fluorescence 
picture of a (FAPbI3)0.85(MAPbBr3)0.15 single crystal is shown 
in Figure 2d, and the uniformly distributed signal indicated 
its relatively pure phase. To detect the transport properties 
of single crystal, we conducted time-resolved photolumines-
cence (TRPL) measurement of a representative single crystal. 
Accordingly, the fitted bulk carrier lifetime (τ) was 1.96 µs 

(Figure 2e). The hole mobility (μh) of a typical single crystal, 
estimated from space-charge-limited current (SCLC) measure-
ment, was 21.69 cm2 V−1 s−1 according to the Mott–Gurney law 
JD = 9εε0µV2/8L3,[27] as shown in Figure 2f. Therefore, a diffu-
sion length (LD) of 10.50 µm was derived from the equation 
LD  = (kBTμτ/e)1/2.[10] Meanwhile, we obtained the trap density 
of 2.16 × 1013 cm−3 based on the formula VTFL  = entL

2/2εε0, 
indicating the high quality of single-crystal film, in contrast 
to the polycrystalline counterpart with the trap density around 
4 × 1015 cm−3.[28] All the characterizations demonstrated the 
high quality and good transport property of the single crystal 
synthesized by PDMS-assisted solvent evaporation method.

We grew single-crystal films on the NiOx/ITO substrate 
and fabricated TiO2 layer through the atomic layer deposition 
(ALD) on the upper surface of single crystal followed by thermal 
evaporation of Ag to employ an inverted configuration. The 
cross-sectional scanning electron microscope (SEM) images 
of the NiOx/(FAPbI3)0.85(MAPbBr3)0.15 and (FAPbI3)0.85(MA
PbBr3)0.15 /TiO2 interfaces are listed in Figure 3a,b, respectively, 
which indicated the uniform thickness of NiOx (≈95 nm) and 
TiO2 (≈66 nm) layer. Figure 3c showed the energy diagram of 
the single-crystal solar cells, and the resulting J–V curve with the 
highest efficiency is listed in Figure 3d, whereas the thickness of 
single crystal was about 24.50 µm (Figure S1, Supporting Infor-
mation). The corresponding photovoltaic parameters, including 
short current density ( JSC), open voltage (VOC), fill factor (FF), 
shunt resistance (RSh), series resistance (RS), and PCE were 
23.14 mA cm−2, 1.03 V, 0.51, 0.53 kΩ cm2, 19.31 Ω cm2, and 
12.18%, respectively. We took the J–V curve from the device with 
the best performance to study the power as a function of resist-
ance. As described elsewhere,[29] for a solar cell with moderate 
values of series resistance (RS) and large shunt resistance (RSh), 
the maximum output power (Pmax) may be approximated as the 
power in the absence of series resistance minus the power lost 
in the series resistance, presented as Equation (1), where P is 
the product of VOC and JSC.

P J V J R P J R V( )≅ − = −1 /max SC OC SC
2

S SC S OC 	 (1)

Accordingly, the calculated Pmax was 13.49 mW, corre-
sponding to the PCE of 13.49%, which was close to the values 
(12.18%) obtained in J–V measurement. On the other hand, the 
loading external resistance is pertinent to the power output. The 
maximum power output is achieved by adjusting the external 
resistance equal to the characteristic resistance (RCH) of the solar 
cell, which is the output resistance of a solar cell at its maximum 
power point, namely, RCH = Vmp/Imp (wherein Vmp is the voltage 
at maximum power point; Imp is the current at maximum power 
point). When the solar cell operates at its maximum power 
point, it delivers the maximum power (12.18 mW) to the load.

Compared to that of the bromide perovskite single-crystal-
based devices, these values manifested as substantially improved 
short current density, as a result from the broad absorption 
from iodide perovskites.[20,21] We further found that in contrast 
to other iodide perovskite single-crystal solar cells,[22] the VOC 
in the present cell was improved significantly. Generally, the 
n-i-p structure (e.g., TiO2/perovskite/Spiro-OMeTAD) based 
perovskite solar cell delivers a comparably higher VOC than that 
based on the p-i-n structure (e.g., NiOx/perovskite/TiO2).[30] We 
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consider both NiOx substrate for single-crystal direct growth 
and the compact TiO2 layer on the surface of single crystal 
which leads to the good interface contact for extraction and 
suppressed recombination. Compared to the PSCSC based 
on the ITO/PTAA/MAPbI3/PCBM/C60/BCP/Cu device,[23] the 
main efficiency loss came from relatively smaller fill factor, 
which may be improved by reducing the thickness and surface 
defect of single crystal. Therefore, the (FAPbI3)0.85(MAPbBr3)0.15 
single-crystal film with desired quality as well as good carrier 
extraction allows the high-efficiency single-crystal solar cells. To 
our understanding, it is the first time to report mixed perovskite 
based PSCSCs, in which the particular composition, namely, 
(FAPbI3)0.85(MAPbBr3)0.15 has the greatest potential to realize 
the highest performance perovskite solar cells.

The proposed schematic diagram of the working mecha-
nism for ITO/NiOx/(FAPbI3)0.85(MAPbBr3)0.15 /TiO2/Ag device 

is shown in Figure 4a. ALD method was chosen for depositing 
ETL, due to that ALD process was conformal deposition and 
independent of the roughness of the substrate.[31] The uni-
form thickness of TiO2 (Figure 3b) also indicated that the ALD 
method was a more suitable strategy for the ETL deposition 
than spin-coating. We compared the J–V curves of ITO/NiOx/
(FAPbI3)0.85(MAPbBr3)0.15/TiO2/Ag and ITO/NiOx/(FAPbI3)0.85 
(MAPbBr3)0.15/Ag, as listed in Figure 4b, where the single crys-
tals have almost the same thickness and surface roughness. And 
the corresponding photovoltaic parameters are listed in Table S1  
(Supporting Information). Without TiO2 compact layer, the 
J–V curve was nearly a straight line with the considerably lower 
FF of 0.24. However, the JSC, Voc, and FF of the PSCSC were 
improved significantly by employing the ETL. Compared to the 
device with TiO2, the device without TiO2 had five times higher 
RS. We speculated that when the ETL was absent, there was 
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Figure 2.  The characterization of (FAPbI3)0.85(MAPbBr3)0.15 single crystal. a) The powder X-ray diffraction (XRD) patterns; b) the (hk0) diffraction 
pattern; c) the absorption and photoluminescence (PL) emission spectra; d) the confocal laser scanning fluorescence picture; e) the time-resolved 
photoluminescence (TRPL) spectrum; and f) the J–V curve of ITO/NiOx/(FAPbI3)0.85 (MAPbBr3)0.15 single crystal/Au device.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800224  (5 of 9)

www.advmatinterfaces.de

significant reaction between Ag electrode and perovskite single 
crystal to form insulating AgI,[32] which resulted in the increase 
of the series resistance. Additionally, without ETL as hole-
blocking layer, carriers recombine significantly at the perov-
skite/Ag interface, as shown in Figure 4b, which leads the 
decreased RSh and thus reduced VOC. It should be mentioned 
that one of the reactants or the by-product, for example, H2O 
and HCl, was considered to corrode the surface of single crystal 
or produce point defects.[33] However, the respectable VOC and 
JSC in the devices suggests that the corrosion from the ALD 
process is not so detrimental to the efficiency, which highlights 
the high tolerance of single-crystal perovskite film. ETL plays 
an important role in determining device performance. We thus 
investigated the impact of the ALD temperature and thickness 
of TiO2 layer on the performance of devices. The J–V curves 
of resultant devices are shown in Figure S2 (Supporting Infor-
mation). It showed the device with TiO2 layer of 60 nm thick 
deposited at 100 °C exhibited the large FF and PCE.

The surface roughness and thickness of single crystals also 
have impact on the PCE. Since the relatively soft property of 
PDMS leads to the perovskite single crystal without smooth 
surface, the contact of (FAPbI3)0.85(MAPbBr3)0.15/TiO2/Ag has 
been affected. Figure 4c showed the J–V curves of PSCSCs 
based on single crystals with almost the same thickness but dif-
ferent surface roughness. The FF of device based on the single 
crystal with the larger surface roughness (Device A) was lower 
than that of device based on the smoother crystal (Device B), as 
presented in Table S2 and Figure S3 (Supporting Information),  

indicating the former situation had unfavorable electron extrac-
tion. We have also studied the impact of single-crystal thick-
ness on the device performance. The J–V characteristics are 
shown in Figure 4d and Table S3 (Supporting Information). 
Their different efficiencies mainly resulted from the varied JSC. 
As shown in Figure 4a, the effective area of single-crystal solar 
cells was smaller than the whole single crystal. Upon illumina-
tion, the carriers diffuse from the center of single crystals to the 
edge. It causes a part of photon carriers dissipated within the 
crystal. It can be inferred that the thinner single crystal provides 
fewer defects along the carrier pathway due to their small thick-
ness. Therefore, the devices with the thinner single crystal had 
the better performance in average. However, the thickness of 
perovskite single crystal was just one of all the factors affecting 
the efficiency of devices. And the performance of the perovskite 
single-crystal solar cells is also affected by other factors, such as 
the contact of absorber with carrier transport layers. The con-
tact quality further depends on the surface roughness of the 
single crystals. Yet, it is not trivial to control the surface rough-
ness during single-crystal growth in our case. Therefore, the 
best PCE (12.18%) of devices, where the thickness of the single 
crystal was 24.5 µm, may result from the better contact origi-
nated from the smaller surface roughness.

It is also essential to investigate the role of HTL on device 
performance. The devices with the different processing temper-
ature and thickness of NiOx were carefully studied. The NiOx 
layer with thickness of 95 nm annealed at 300 °C would lead 
the devices with high FF and thus PCE (Figure S4, Supporting 
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Figure 3.  The cross-sectional SEM images of a) NiOx/(FAPbI3)0.85(MAPbBr3)0.15 interface and b) (FAPbI3)0.85(MAPbBr3)0.15/TiO2 interface; c) the band 
alignment and d) the J–V curve of the highest PCE of ITO/NiOx/(FAPbI3)0.85(MAPbBr3)0.15/TiO2/Ag.
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Information). Additionally, the rear electrode thickness was 
investigated. It showed that the different thickness of the dense 
Ag layers did not change the RS and RSh of devices a lot due 
to their high conductivity (Figure S5, Supporting Information).

We listed the statistic photovoltaic data of ITO/NiOx/(FAP
bI3)0.85(MAPbBr3)0.15/TiO2/Ag devices in Figure S6 (Sup-
porting Information). It was observed that the efficiency 
changes mainly from the fluctuation of JSC and FF, both of 
which are substantially influenced by the thickness and sur-
face roughness of perovskite single crystal. The J–V curve and 
EQE data of the typical device are shown in Figure S7 (Sup-
porting Information), and the integrated current density from 
EQE was 16.76 mA cm−2, which was close to the measured JSC 
(17.42 mA cm−2).

The good hole extraction at the NiOx/(FAPbI3)0.85(MA
PbBr3)0.15 interface is also crucial to the high-efficiency devices. 
However, it is challenging to grow the pure phase (FAPbI3)0.

85(MAPbBr3)0.15 single crystals without side phases. In some 
cases, yellow crystals were formed at the NiOx/(FAPbI3)0.85(MA
PbBr3)0.15 interfaces and edges (Figure 5a), which are assigned 
to PbI2 phases with the diffraction peak at 12.8° and δ phase of 
(FAPbI3)1−x(MAPbBr3)x perovskite with a small shoulder peak 
at 12.6°, respectively.[34,26] This may result from the nature of 
the mixed perovskite system, in which the precursors such as 
FAX, MAX (X = I, Br), PbI2, PbBr2 have different solubility 
in the γ-butyrolactone (GBL). It is generally believed that the 
different solubility of precursors in the solvent will ultimately 

influence the quality of final single crystals. For instance, the 
MAPbBr3 single crystal was crystallized with opaque surface 
when adopted the antisolvent crystallization with molar ratio 
of MABr/PbBr2, due to the lower solubility of PbBr2 compared 
to MABr in N,N-dimethylformamide.[35] Similarly, a Cs-rich 
Cs4PbBr6 perovskite single crystal was also obtained as a result 
of the lower solubility of CsBr than that of PbBr2 in dimethyl 
sulfoxide. Herein, to avoid the formation of side phases in the 
present study, the evaporation of GBL has been controlled care-
fully via adjusting the solution concentration and crystalliza-
tion temperature, to allow the fast crystallization of pure phase  
(FAPbI3)0.85(MAPbBr3)0.15.

The J–V curves of device with and without side phases are 
shown in Figure 5c, and the photovoltaic parameters are listed 
in Table S5 (Supporting Information). An anomalous fea-
ture was observed in the device with side phases, which may 
be associated to the presence of hole blocks[36,37] at the NiOx/
(FAPbI3)0.85(MAPbBr3)0.15 interface, as shown in Figure 5a. 
Considering that the main component of side phase was PbI2, 
we proposed the mechanism of hole extraction at the NiOx/
PbI2/perovskite interface in Figure 5d. It clearly shows that 
the device with yellow crystals exhibits much larger RS and 
slightly larger RSh. The valence band maximum (VBM) of PbI2  
(−5.75 eV)[2] was lower than that of NiOx (−5.33 eV)[38] and that 
of perovskite (−5.65 eV),[39] so it introduced the energy barrier 
at the interface between perovskite and NiOx. It effectively 
impeded the hole extraction, which thus led to the large RS. 

Adv. Mater. Interfaces 2018, 1800224

Figure 4.  a) The proposed schematic diagram and the J–V curves of ITO/NiOx/(FAPbI3)0.85(MAPbBr3)0.15/TiO2/Ag devices: b) with TiO2 layer of 60 nm 
thick deposited at 100 °C (blue line), and without TiO2 layer (red line); c) where single crystal A (red line) and B (blue line) have almost the same thick-
ness but different roughness; d) where single crystals have the different thickness (black line for 12 µm, red line for 14.5 µm, and blue line for 29 µm).
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On the other hand, the barrier also prevented the direct contact 
between ITO and the absorber wherein NiOx was missing. It 
reduced the recombination of holes to some extent and thus 
resulted in the slightly increased RSh in the device. Since the RS 
enhancement is prevailing to RSh improvement, we observed 
FF decrease in the devices with yellow crystals. With respect to 
VOC, the device with yellow crystals had larger RSh and therefore 
the less recombination and higher VOC. And JSC of device may 
be affected by several factors, which cannot be solely ascribed to 
the contribution of RS and RSh.

In short, we could obtain the mixed halide (FAPbI3)0.85(MA
PbBr3)0.15 perovskite single-crystal film with pure phase by care-
fully controlling the crystallization process, which addressed 
the most concerned part for mixed perovskite single-crystal 
film, and this method was suitable for the further application 
in PSCSC.

3. Conclusion

In conclusion, we synthesized the first mixed (FAPbI3)0.85 
(MAPbBr3)0.15 single-crystal film by the PDMS-assisted sol-
vent evaporation method, and implemented it in the inverted 
ITO/NiOx/(FAPbI3)0.85(MAPbBr3)0.15/TiO2/Ag photovoltaic 
devices. An optimization of carrier behavior in the single-
crystal solar cells leads to 12.18% PCE, which was also one of 
the high-efficiency PSCSCs up to now. The main factors that 
affect the device efficiency were thoroughly studied, including 

the interfaces of perovskite/TiO2 and NiOx/perovskite, the 
operation temperature, and thickness of transport layers, as 
well as the surface roughness and thickness of single crystal. 
Although ALD of TiO2 layers may corrode perovskite single 
crystal, the employment of TiO2 electron transport layer in the 
PSCSC device has good extraction ability and hole-blocking 
ability, which leads to the PSCSCs with higher FF and PCE. 
It was revealed that the crystallization process should also 
be controlled carefully to avoid the undesired yellow crys-
tals as hole-blocking layer between NiOx and (FAPbI3)0.85(M
APbBr3)0.15. Further efforts on device performance would be 
carried out to grow even thinner single crystals with smooth 
surface, and to reduce the surface recombination of single 
crystal by passivation. This work provides a full picture of 
interface engineering in single-crystal perovskite solar cells, 
which represents a significant step regarding fundamental 
understanding on perovskite single crystals and high device 
performance.

4. Characterizations

The surface roughness of single crystal was characterized by 
Scan Probe Microscope (SPI3800/SPA400). Single crystal on the 
substrates was scraped by blade, and then measured by single-
crystal X-ray diffractometer with Mo Kα ray (λ = 0.071073 nm).  
Single crystals were scraped, grounded from single  
crystals in the glove box, and then measured by the Rigaku 

Adv. Mater. Interfaces 2018, 1800224

Figure 5.  a) The photograph of (FAPbI3)0.85(MAPbBr3)0.15 single crystal on the NiOx/ITO captured from the ITO side; b) powder X-ray diffraction of left 
crystals bladed from the substrate; c) the J–V curve of ITO/NiOx/(FAPbI3)0.85(MAPbBr3)0.15/TiO2/Ag device, and the single crystal with (red line) and 
without side phase (blue line); d) the barrier for hole extraction at the NiOx/PbI2/perovskite interface.
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D/MAX-2400 diffractometer for powder X-ray diffraction. We 
performed the steady-state photoluminescence (PL) and TRPL 
spectra of single crystal with the help of the steady-state spec-
trometer FLS980 (Edinburgh Instruments Ltd.) with 470 nm 
excitation wavelength. Absorption spectra of single crystal were 
measured by UV–visible–NIR spectrophotometer UH4150. 
The hole mobility of perovskite single crystal was obtained 
from the I–V curve of the ITO/NiOx/perovskite single crystal/
Au device with Keithley 4200 in the dark and room tempera-
ture according to SCLC measurement. All the J–V curves were 
measured under the mask with the area of 0.316 mm2 under 
1000 mW cm−2. The SEM morphology was performed with the 
help of S4800. The thickness of single crystals was detected by 
DektakXT Stylus Profiler (Bruker). The laser scanning confocal 
microscope measurements were performed by A1R-si (Japan).

5. Experimental Section
Chemicals and Reagents: Nickel(II) nitrate hexahydrate 

(Ni(NO3)2·6H2O, Sigma, 99.999%), ethylene glycol (C2H6O2, AR, 98%), 
diethylamine (C2H8N2, AR), lead (II) iodide (PbI2, Alfa, 99.9985%), 
lead(II) bromide (PbBr2, sigma, 99.999%), methylamine (CH3NH2, 
40%w/w aq. soln.), formamidine acetate salt (FAAc, Aladdin, 99%), 
hydroiodic acid (HI, Alfa Aesar, 57% w/w aq. soln., stab with 1.5% 
hypophosphorous acid), hydrobromic acid (HBr, AR, 48% w/w), 
gamma-butyrolactone (C4H6O2, GBL, Aladdin, 99%), silicone elastomer 
base and curing agent (Dowcorning, 184), and TiCl4.

Synthesis of CH3NH3Br (MABr) and CH(NH2)2I (FAI): MABr was 
synthesized by stirring the mixture of CH3NH2 (30 mL) and HBr  
(36 mL) in a 250 mL three-neck round bottom flask at 0 °C ice bath 
for 2 h. The solvent was evaporated, and the remains were washed with 
diethyl ether and then filtered. Next, the product was redissolved in 
ethanol and recrystallized, and washed with diethyl ether for three times. 
The final white crystals were dried in a vacuum oven for 24 h. FAAc  
(14 g) and HI (32.3 mL) were the raw materials for the synthesis of FAI, 
and the synthesis strategy was similar to that of MABr.[40]

Synthesis of Polydimethylsiloxane: Silicone elastomer base and curing 
agent were mixed by weight ratio of 10:1 in beaker,[41] and stirred 
intensely for 0.5 h to produce many bubbles. Then the mixture was put 
in the vacuum oven to remove bubbles. The mixture was spread on the 
glass substrate and baked at 80 °C for 2 h.

Preparation of Inverted Single-Crystal Solar Cells: ITO glass was 
cleaned with acetone, ethanol, and isopropanol in turn. After UV–ozone 
treatment, ITO was deposited with NiOx

[42,43] by spin-coating (5000 rpm 
for 40 s) the filtered solution of nickel (II) nitrate hexahydrate, ethylene 
glycol, and diethylamine, and then baked at 300 °C for 1 h. Next, PDMS 
was spread on the NiOx/ITO, and then injected perovskite solution, 
which consists of FAI (87.72 mg), PbI2 (235.16 mg), MABr (10.09 mg), 
PbBr2 (33.22 mg), and GBL (0.5 mL). After heating the solution at 80 °C 
for 1.5 h, regular single crystal was obtained. Then the high-temperature 
resistant tape with 0.316 mm2 hole was taped on the single crystal for 
the TiO2 deposition mask. And then 60 nm TiO2 was deposited by ALD 
with TiCl4 and H2O on the single crystal, and finally 150 nm Ag electrode 
by vapor deposition.
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