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ABSTRACT 

We synthesized two types of MAPbI3 single-crystal films with dominant (001) and (100) surface 

orientations and fabricated solar cells with the same device architecture. We found that both 

MAPbI3 (001) and (100) single-crystal films have efficient hole transfer into poly(triaryl)amine 

(PTAA), as evident from the reduced photoluminescence (PL) intensity and lifetime, as well as 

the type-II energy alignment. Unlike the MAPbI3 (100) single-crystal film with a strong PL 

quenching due to efficient electron transfer to phenyl-C61-butyric acid methyl ester (PCBM), 

MAPbI3 (001) single-crystal exhibits an increase in PL intensity in the presence of PCBM which 

can be attributed to surface passivation. Interestingly, different from the conventional MAPbI3 

(100) that suffers from a significant decrease in the PCE (from 19.3 to 14.4%), the MAPbI3 (001) 

single-crystal film shows an increase in the PCE (from 16.0 to 17.2 %) and much better stability 

under ambient condition thanks to the dual passivation on the PbI2-rich surface by PCBM and O2. 
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The unprecedented development of single-junction perovskite solar cells (PSCs) over the past 

decade has led to power conversion efficiencies (PCEs) of 25.5%.1 However, further 

improvements in PCEs is limited by the morphology and structural defects of solution-processed 

polycrystalline thin films (i.e., grain boundaries and native point defects).2-5 Compared to 

polycrystalline thin films, single-crystal perovskites show much lower trap densities and longer 

charge carrier diffusion lengths.6-9 This difference provides an opportunity to further improve the 

photovoltaic performance through use of a thicker single-crystal film (∼20 μm) to extend light 

absorption into the near-IR spectra region.10-12 Following a report on a single-crystal film solar cell 

developed based on methylammonium lead triiodide (MAPbI3) with a PCE of 17.8%,12 the 

efficiency of pure MAPbI3 single-crystal PSCs reached ~21% through optimized single-crystal 

growth methods.10, 13 Very recently, a PCE as high as 22.8% was achieved by using a mixed-cation 

single-crystal perovskite.14 However, the PCEs of single-crystal PSCs are still far below the 

theoretical Shockley-Queisser limit (e.g., ~31.6% for a perovskite light absorber with a 1.5 eV 

bandgap).15 In addition, the photovoltaic performance of single-crystal perovskite solar cell 

significantly reduced once the devices were kept under the ambient condition.10-11 
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One of the most powerful approaches for improving charge transport and extraction toward the 

electrodes in single-crystal PSCs is to optimize the surface orientation and termination of single-

crystal films for efficient carrier extraction.16-18 Although large single crystals with different 

orientations have been achieved by tuning the ratios of precursors and solvents,19-20 a method for 

controlling the surface orientations of single-crystal films is still missing. Moreover, although 

many early experimental and theoretical efforts have been directed to understanding the electronic 

properties and the interfacial structures between charge-transporting layers and perovskite 

polycrystalline thin films,21-23 the role of surface orientation in modulating efficient hole and 

electron extraction in perovskite single-crystal films remains unclear. 

In this work, we were able to synthesize two types of MAPbI3 single-crystal films with preferred 

(001) and (100) orientations by controlling the ratio of precursors, i.e., lead iodide (PbI2) and 

methylammonium iodide (MAI). Then, we fabricated MAPbI3 single-crystal film based solar cells 

with the inverted device structure. We found the power conversion efficiency (PCE) for the 

MAPbI3 (100) single-crystal film solar cell was 19.3% measured in the nitrogen-filled glovebox, 

which was much higher than that of the MAPbI3 (001) single-crystal film (PCE = 16.0%). 

However, under ambient condition, MAPbI3 (001) single-crystal film showed an improved 

photovoltaic performance with a PCE of 17.2%. We further investigated their optical properties, 

including their photoluminescence (PL) intensity and decay, before and after depositing charge-

transporting layers, i.e., poly(triaryl)amine (PTAA) and phenyl-C61-butyric acid methyl ester 

(PCBM), which were added to facilitate charge extraction. We also turned to density functional 

theory (DFT) to study the interfacial geometric and electronic structures based on slab models and 

the preferred (001) and (100) orientations with different terminations. We evaluated the energy 

level alignments between MAPbI3 and the considered charge transport layers (via the projected 
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densities of electronic states and charge density differences) in order to identify the preferred 

surface orientation and termination that allow efficient charge transfer between MAPbI3 and the 

charge-transporting layers. 

 

Figure 1. (A) Schematic illustration of the fabrication of MAPbI3 single-crystal films between 

PTFE-coated glasses. The preferred (001) and (100) orientations are obtained by controlling the 

ratios of precursors (PbI2:MAI). (B, C) X-ray diffraction (XRD) patterns of MAPbI3 (001) and 

(100) single-crystal films (photographs of single-crystal film samples are shown as insets). (D) 

Views of the crystal structure of tetragonal-phase MAPbI3 with different exposed facets. 

 

MAPbI3 single-crystal films were prepared by injecting perovskite precursors with different 

ratios (PbI2 and MAI) into the space confined by two polytetrafluoroethylene (PTFE)-coated 

glasses and then slowly heating to 120 °C, see the schematic illustration in Figure 1A.12 The 

MAPbI3 single-crystal films with a thickness of ~20 μm have different shapes because of different 

orientations controlled by the ratios of precursors. With a stoichiometric molar ratio (i.e., PbI2:MAI 
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= 1:1), the MAPbI3 single-crystal film has a rhombus shape when viewed from top of the glass, 

while it appears as a square in the case of the nonstoichiometric ratio (i.e., PbI2:MAI = 1:1.75); 

photographs of the single crystals are presented in the insets in Figures 1B and 1C. Both MAPbI3 

single crystals have a tetragonal phase with the I4/mcm space group, as confirmed by the X-ray 

diffraction (XRD) patterns (Figures 1B and 1C). The square-shaped MAPbI3 single-crystal film 

shows diffraction peaks at 13.6°, 13.7°, 27.8°, and 28.1°, corresponding to the (002), (110), (004) 

and (220) lattice planes of the tetragonal phase, while the rhombus-shaped MAPbI3 single-crystal 

film shows diffraction peaks at 19.5°, 19.6°, 40.1°, and 40.3°, corresponding to the (200), (112), 

(400) and (224) lattice planes. In both cases, the clearly split (220) and (004) peaks in the square-

shaped MAPbI3 and (400) and (224) peaks in the rhombus-shaped MAPbI3 confirmed that the as-

grown crystal films adopt a tetragonal phase with good crystalline quality.24-25 Moreover, the 

scanning electron microscope (SEM) images suggest the smooth surface of both MAPbI3 (001) 

and (100) single-crystal films (Figure S1). 

From the different views of the crystal structure shown in Figure 1D, the four different facets of 

tetragonal-phase MAPbI3 can be classified into two groups: (i) (001) and (110) are flat nonpolar 

surfaces with alternate stacking of the neutral MAI and PbI2 planes; and (ii) (100) and (112) 

surfaces are composed of alternating stacks of [MAPbI]2+ and [I2]
2− layers. Hence, in the following 

discussion, we consider MAPbI3 (001) and MAPbI3 (100) to represent two different single-crystal 

films based on the dominant XRD peaks and focus on comparisons of their photovoltaic 

performance as well as optical and charge transfer properties. 

We characterized the photovoltaic performance of MAPbI3 (001) and MAPbI3 (100) single-

crystal film based solar cells using the inverted device structure ITO/PTAA (20 nm)/MAPbI3 

single-crystal film/PCBM (10 nm)/C60 (20 nm)/BCP (3 nm)/Cu (80 nm) as illustrated in Figure 2, 
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A and B (ITO is indium tin oxide and BCP is 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline). 

The cross-sectional SEM images of single-crystal film solar cells confirm that the thickness of 

perovskite layer is 20–25 μm (Figure S2). Figures 2C and 2D show the optimum current density-

voltage (J-V) curves together with the photovoltaic parameters. For the MAPbI3 (001) single-

crystal film solar cell, the highest PCE is 16.0% with short-circuit current density (JSC) of 20.1 

mA·cm-2, open-circuit voltage (VOC) of 0.98 V, and FF of 81.4%. The MAPbI3 (100) single-crystal 

film solar cell increases up to 19.3%, with JSC of 23.8 mA·cm-2, VOC of 1.04 V, and fill factor (FF) 

of 78.0%, obtained from the reverse scan with the same scan rate. The statistical distributions of 

the device characteristics displayed in Figures 2E and 2F indicate the reproducibility of the 

fabricated single-crystal film solar cells. The fact that MAPbI3 (100) single-crystal film device 

shows a substantially higher PCE as compared to that of MAPbI3 (001), underlines that engineering 

the surface orientations of the perovskite single crystals is an effective strategy to optimize the 

photovoltaic performance. 
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Figure 2. (A, B) Schematic diagram of the MAPbI3 (001) and MAPbI3 (100) single-crystal film 

solar cells. (C, D) J-V curves of the solar cells obtained in forward-scan (red) and reverse-scan 

(green) modes measured in the nitrogen-filled glovebox. The corresponding maximum 

photovoltaic parameters under 1 sun illumination are given as inserts. (E, F) Statistics for the 

photovoltaic parameters of MAPbI3 (001) and MAPbI3 (100) single-crystal film solar cells. 

 

 

Figure 3. Photoluminescence (PL) spectra and time-resolved PL decays for MAPbI3 (001) and 

MAPbI3 (100) single crystals without and with the deposition of (A, B) a PTAA film and (C, D) a 

PCBM film (the solid black lines represent exponential fittings; the fitting parameters are given in 

Tables S1 and S2). 

 

To understand the differences in performance of the photovoltaic devices based on MAPbI3 

(001) and MAPbI3 (100) single-crystal films, we performed PL spectra and time-resolved PL 

decay measurements for the two crystal films before and after depositing charge transport layers. 

Overall, the PL intensity of the as-prepared MAPbI3 (100) single-crystal film is almost 3-4-fold 

higher than that of the MAPbI3 (001) single-crystal film. In this context, the PL lifetimes of the as-
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prepared MAPbI3 (100) single crystals are on the order of ~28 ns, much longer than the ~7 ns 

lifetime of the MAPbI3 (001) film. The reduced PL intensity and shortened PL lifetime observed 

in the MAPbI3 (001) single-crystal films can be attributed to the increased number of surface states 

related to surface under-coordinated Pb2+ ions; the extra states appear close to the valence band 

edge in PbI2-rich MAPbI3 (001) (see the total projected density of states for the slab models in 

Figure S3). 

To access the impact of surface orientation on the efficiency of charge extraction, we deposited a 

thick hole-transporting layer (PTAA) or electron-transporting layer (PCBM) on top of the MAPbI3 

single crystals via drop casting. The PL spectra of the MAPbI3 single crystals were collected before 

and after coating with the charge-extracting layer, using an in situ Raman/PL system under 

identical experimental conditions (optical micrographs of the samples are shown in Figures S4 and 

S5). As shown in Figures 2A and 2B, upon deposition of a PTAA layer, the PL intensity is greatly 

quenched: by a factor of 1.55 for the MAPbI3 (001) single crystal and by a factor of 4.98 for the 

MAPbI3 (100) single crystal. This PL quenching points to the efficient charge carrier extraction 

across the interface. As a result, the PL lifetimes are also substantially shortened, from 7.5 ns to 

4.7 ns and from 27.7 ns to 4.3 ns upon MAPbI3 (001) and MAPbI3 (100) coating with PTAA, 

respectively. The charge carrier transfer efficiencies (μ) estimated from PL intensity [lifetime] are 

34.8% [37.3%] for MAPbI3 (001) and 79.9% [84.4%] for MAPbI3 (100) upon depositing a PTAA 

layer. The slightly different μ values obtained from PL intensity and lifetime can be attributed to 

(i) the extremely fast charge transfer at the interface and (ii) the steady-state PL intensity being 

strongly influenced by light scattering and reflection once the additional PTAA (or PCBM) layer 

is deposited.26 
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In contrast, upon PCBM deposition, the PL intensity of MAPbI3 (001) slightly increases and the 

PL lifetime evolves from 7.6 ns to 8.7 ns. In the case of MAPbI3 (100), the PL intensity is quenched 

by a factor of 2.07 (μ = 51.6%) while the PL lifetime decreases from 28.8 ns to 12.7 ns (μ = 55.9%). 

Therefore, both MAPbI3 (001) and (100) single-crystal films favor hole transfer into PTAA, as 

evident from the reduced PL intensity and lifetime, while efficient electron transfer to PCBM 

occurs only from the MAPbI3 (100) single-crystal film. 

 

Figure 4. (A, B) Optimized interfacial structures and corresponding projected density of states 

(PDOS) for PTAA/MAI-rich MAPbI3 (001) and PTAA/PbI2-rich MAPbI3 (001), respectively, 

before (grey dashed lines) and after interaction (green and pink areas). (C, D) Optimized interfacial 

structures and corresponding PDOS for PTAA/MAI-rich MAPbI3 (100) and PTAA/I2-rich 

MAPbI3 (100), respectively, before (grey dashed lines) and after interaction (blue and pink areas). 

Ebinding is the binding energy per surface unit cell between PTAA and MAPbI3; EF
PTAA and EF

MAPbI3 



 11 

represent the Fermi energy levels of PTAA and MAPbI3 before interaction (horizontal black 

dashed lines); and EF represents the Fermi energy level after interaction (horizontal black solid 

lines). All the Fermi levels were set at the middle of the band gap. 

 

To further understand the different optical behaviors of the MAPbI3 single-crystal films upon 

deposition of charge transport layers, we performed density functional theory (DFT) calculations 

on both MAPbI3/PTAA and MAPbI3/PCBM interfaces. Here, we considered a PTAA chain with 

three repeat units terminated by hydrogen atoms to model the polymer; we chose this trimer given 

that i) the calculated HOMO–LUMO gap (HOMO: highest occupied molecular orbital; LUMO: 

lowest unoccupied molecular orbital) at the DFT-HSE (Heyd-Scuseria-Ernzerhof) level (3.09 eV) 

is close to the experimental optical gap of PTAA films (2.97 eV)27; ii) there would occur a large 

crystal mismatch if depositing a periodic PTAA chain on top of MAPbI3; and iii) the HOMO level 

of PTAA is almost unchanged upon increasing further the number of repeat units (see Figure S6). 

The optimized interfacial geometries are shown in Figures S9 to S11 after relaxing the top three 

octahedra layers (i.e., 6–8 atomic layers) of MAPbI3 slabs and the PTAA (or PCBM) molecule. 

Overall, we find that the top layers of the MAPbI3 slabs undergo structural distortions: For the 

MAI-rich termination, the surface out-of-plane I–Pb–I tilting angles are much larger than those of 

the inner layers, while for the PbI2-rich termination, the surface in-plane Pb–I–Pb angles tilt due 

to van der Waals interactions. In addition, the MA+ cations from the top of the surface retain almost 

the same orientations after interacting with the PTAA [PCBM] molecule, i.e., the –CH3 groups of 

the MA+ cations align toward PTAA [PCBM]. 

The calculated binding energies (Ebinding) between PTAA and MAPbI3 upon different 

orientations and terminations are given in Figure 4. For MAPbI3 (001), the PbI2-rich surface shows 
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a stronger interaction with PTAA (Ebinding = –1.15 eV) than the MAI-rich surface (Ebinding = –0.56 

eV). For MAPbI3 (100), the I2-rich surface gives a larger value of Ebinding (–2.41 eV) than the MAI-

rich surface (Ebinding = –0.27 eV) due to the increased H-bonding interactions between –CH3 groups 

from PTAA and surface I atoms (–CH3…I bonds are illustrated in Figure S12). 

The energy levels for the valence and conduction band edges of MAPbI3 need to match with 

frontier molecular orbitals of hole/electron transporting layers to achieve efficient charge 

injection/extraction. Here, the energy levels and electronic wavefunctions across the hybrid 

interfaces between MAPbI3 and hole/electron transporting layers are estimated via their projected 

density of states (PDOS) after interfacial charge redistribution (note that the PBE energy levels of 

PTAA [PCBM] /MAPbI3 before and after interaction have been corrected in the way described in 

the Computational Methods section). In a way similar to other molecule/MAPbI3 interfaces,21-22 

both surface orientation and termination play a role in determining the electronic and charge 

transfer properties of molecular layer/MAPbI3 interfaces.  

As shown in Figures 4A and 4B, for both MAI- and PbI2-rich (001) surfaces, the HOMO level of 

PTAA is slightly above the valence band maximum (VBM) of MAPbI3, which goes together with 

an upshifted Fermi level and a decrease in work function (ΔΦ = –0.566 eV for MAI-rich 

termination and –0.511 eV for PbI2-rich termination, see Table S3). The change in work function 

(ΔΦ, listed in Tables S3-S4) can be decomposed into i) surface geometry relaxation (Vgeo.), ii) 

interface dipole (Vint.), and iii) molecular dipole along the surface normal direction (Vmol.).
28 

Among these three components, the interfacial dipole is a critical parameter as it is directly 

connected with the interfacial charge transfer. The interfacial dipole can be evaluated from the 

electrostatic potential step at the interface by solving the Poisson equation for the one-dimensional 

(1D) plane-averaged charge density differences (Δρ > 0 represents electron accumulation and Δρ 
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< 0 indicates electron depletion, see Figures S14–S16). A Bader charge analysis was also used to 

determine the interfacial charge transfer and charge redistribution. For MAPbI3 (001), see Table 

1, there appears an electrostatic potential step at the MAPbI3-PTAA interface (Vint. = –0.104 eV 

for MAI-rich termination and –0.217 eV for PbI2-rich termination) due to electron transfer from 

PTAA to MAPbI3 (0.147|e| for MAI-rich termination and 0.482|e| for PbI2-rich termination). 

Moreover, the hole wavefunctions are preferentially distributed on the topmost surface of PbI2-

rich MAPbI3 (001) (see Figure S13), which results in their overlap with the PTAA wavefunctions 

and lead to electronic hybridization between the two components.21-22 This is expected to facilitate 

hole transfer and increase the efficiency of charge separation across the interface. 

 

Table 1. GGA/PBE-calculated interfacial electrostatic potential steps (Vint. in eV) and charge 

transfer (|e|) for MAI- and PbI2-rich MAPbI3 (001) and MAI- and I2-rich MAPbI3 (100) upon 

PTAA adsorption. The charge transfer was calculated as the difference between the nominal 

number of electrons for PTAA and the number of electrons obtained from a Bader analysis (a 

positive value represents a reduced electron density on PTAA).  

Surface MAI-rich (001) PbI2-rich (001) MAI-rich (100) I2-rich (100) 

Vint. –0.104 –0.217 –0.028 –0.775 

|e| 0.147 0.482 0.018 1.253 

 

The relative positions of the PTAA HOMO level and the MAPI3 (100) VBM are also dependent 

on surface termination. As shown in Figure 4C, the flow of holes is hindered by the much lower 

HOMO level of PTAA compared to the VBM of MAI-rich MAPbI3 (100). Also, the limited 

amount of charge transfer (0.018|e|) points to the inefficient electron transfer between PTAA and 
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MAI-rich MAPbI3 (100), which gives rise to a small electrostatic potential step at the interface 

(Vint. = –0.028 eV). However, for the I2-rich surface, the PTAA HOMO level is above the  

 

Figure 5. (A, B) Optimized interfacial structures and corresponding projected density of states 

(PDOS) for model-I and model-II: PCBM/PbI2-rich MAPbI3 (001) before (grey dashed lines) and 

after interaction (green and yellow areas). (C, D) Optimized interfacial structures and 

corresponding PDOS for model-I and model-II: PCBM/MAI-rich MAPbI3 (100) before (grey 

dashed lines) and after interaction (blue and yellow areas). Ebinding is the binding energy between 

PCBM and MAPbI3; EF
PCBM and EF

MAPbI3 represent the Fermi energy levels of PCBM and MAPbI3 

before interaction (horizontal black dashed lines); and EF represents the Fermi energy level after 

interaction (horizontal black solid lines). All the Fermi levels were set at the middle of the band 

gap. 
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MAPbI3 (100) VBM; thus, holes are expected to be effectively extracted from MAPbI3 (100) into 

the PTAA layer and the amount of interfacial charge transfer (1.253|e|) is much larger. This is 

consistent with the large electrostatic potential step (Vint. = –0.775 eV). This finding is in 

agreement with experimental results concluding that the formation of an interfacial dipole between 

PTAA and the perovskite can be ascribed to effective hole donation from MAPbI3 to adsorbed 

PTAA.29 Thus, the analysis of energy alignments and charge density redistributions suggests that 

hole transfer is more efficient in MAPbI3 (001) and I2-rich MAPbI3 (100). Upon photoexcitation, 

transfer of photoexcited holes from the MAPbI3 single crystal to the PTAA layer is expected to 

occur, resulting in a significant reduction in charge recombination and hence enhanced carrier 

transport. 

 

Table 2. GGA/PBE-calculated interfacial electrostatic potential steps (Vint. in eV) and charge 

transfer (|e|) for model-I and model-II MAI- and PbI2-rich MAPbI3 (001) and MAI- and I2-rich 

MAPbI3 (100) with PCBM adsorption. The charge transfer was calculated as the difference 

between the nominal number of electrons for PCBM and the number of electrons obtained from a 

Bader analysis (a negative [positive] value represents an increased [decreased] electron density on 

PCBM). 

Compound 
MAI-rich (001) PbI2-rich (001) MAI-rich (100) I2-rich (100) 

I II I II I II I II 

Vint. 0.031 -0.009 –0.049 –0.064 0.016 0.051 –0.236 –0.260 

|e| –0.052 –0.015 –0.009 0.004 –0.013 –0.030 0.240 0.225 

 



 16 

For the PCBM molecular adsorption, we considered two possible configurations: In model-I, C60 

is adsorbed on the MAPbI3 surface, while in model-II it is the side functional group of PCBM that 

is adsorbed on the MAPbI3 surface. In model-II for PbI2-rich MAPbI3 (001), a chemical bond 

develops between the surface-exposed Pb2+ ion and the O atom of the PCBM carbonyl group, 

which leads to a larger binding energy (Ebinding = –1.21 eV) compared to that in model-I (Ebinding = 

–0.73 eV). For model-II, the primary electron accumulation occurs on the O atom bonded to the 

surface Pb2+ ion, while electron depletion occurs on both exposed Pb2+ ions at the MAPbI3 surface 

and the –COOH group of PCBM (see Figure S15B). A similar passivation effect by C60 derivatives 

has been confirmed in previous reports.30-31 In both models, the LUMO level of PCBM lies above 

the conduction band minimum (CBM) of MAPbI3 (001); such a type-I energy alignment (i.e., the 

band gap of MAPbI3 is embedded within that of PCBM) is consistent with experimental ultraviolet 

photoelectron spectroscopy (UPS) data32 and suggests that electron injection from MAPbI3 to 

PCBM is prevented. In contrast, in the case of MAI-rich MAPbI3 (001), the PCBM LUMO level 

is located below the MAPbI3 (001) CBM (see Figure S17). Thus, the use of PCBM can passivate 

the defect states introduced by the exposed surface Pb2+ atoms in the MAPbI3 (001) single-crystal 

film; in turn, this surface passivation can enhance the PL intensity of the perovskite single crystal 

(Figure 3C) due to energy transfer from PCBM to MAPbI3. This finding also confirms that the 

surface of the as-grown MAPbI3 (001) single-crystal film is PbI2-rich, which is different from the 

conventional MAPbI3 film with a MAI-rich surface prepared by the standard one-step spin-coating 

method.18 

As shown in Figures 5C and 5D, for MAI-rich MAPbI3 (100) surfaces, the PCBM LUMO level 

lies below the MAPbI3 (100) CBM, regardless of the adsorption configuration, which facilitates 

injection of photoexcited electrons from MAPbI3 into PCBM. In this case, the amount of charge 
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transfer is –0.013|e| for model-I and –0.030|e| for model-II, leading to interfacial potential steps of 

0.016 eV for model-I and 0.051 eV for model-II. Hence, hole-electron pairs are first generated at 

the PCBM/MAPbI3 (100) interface; then, the electrons are injected into PCBM and transported 

along PCBM. Importantly, this excited state charge transfer at the PCBM/MAPbI3 (100) interface 

is expected to quench the PL intensity of MAPbI3 (100) single crystal film, as shown in Figure 2D. 

The I2-rich MAPbI3 (100) surface is calculated to undergo a large reorganization of the outermost 

layer when PCBM is adsorbed, with the top I atoms displaced into to the bulk by ~0.2 Å (Figure 

S18). The charge transfer is then positive, i.e., 0.240|e| for model-I and 0.225|e| for model-II; this 

opposite electron transfer, from PCBM to perovskite, is likely due to the strong interaction between 

top surface I atoms and PCBM.  

For MAPbI3 (100), the differences in surface polarization and work function (ΦI2-rich – ΦMAI-rich = 

1.53 eV, Table S3) between MAI- and I2-rich surfaces lead to different energy alignments and 

charge transfer/redistribution features with respect to the charge transport layers; while the I2-rich 

surface tends to favor hole injection into PTAA, the MAI-rich surface favors electron injection 

into PCBM. However, as concluded from our optical measurements, both hole and electron 

injections are possible into the MAPbI3 (100) single-crystal film after depositing a PTAA (or 

PCBM) layer. We hypothesize that MAI- and I2-rich surfaces coexist in the as-grown MAPbI3 

(100) single-crystal film and distinct energy alignments can be achieved, allowing for dual charge 

injection. 

To further understand the stability of single-crystal solar cells, we kept the devices under ambient 

condition (22 °C, 50% RH) for 24 hours and then conducted the characterizations under the same 

condition. As shown in Figure 6, the PCE for the solar cell based on MAPbI3 (100) single-crystal 

film decreased to 14.4%, and this could be attributed to the easy hydration of the polar (100) 
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surface (formed by top surface MA+ cations and subsurface  I– ions as illustrated in Figure 6D) 

and resulting poor contact with other charge-transporting layers.10 In sharp contrast, the PCE of 

MAPbI3 (001) single-crystal film solar cell increased to 17.2% with JSC of 20.4 mA·cm-2, VOC of 

1.03 V, and FF of 81.4% at the reverse scan. Our previous experimental results suggest that 

MAPbI3 (001) single-crystal film is dominant by the PbI2-rich surface due to lower PL intensity 

and shorter PL lifetime. For PbI2-rich MAPbI3 (001), the surface-exposed Pb2+ ion can be strongly 

bonded with the carbonyl group of the PCBM. On the other hand, under ambient condition, the O2 

molecule can penetrate into perovskite layer and bind to the under-coordinated Pb2+ ions (see 

Figure 6C). Such dual passivation by PCBM and O2 can efficiently suppress the hydration the 

perovskite layer, remove the surface trap states,33 and inhibit the ion migration from perovskite 

bulk to the top surface layer.34-35 
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Figure 6. (A, B) J-V curves in forward-scan (red) and reverse-scan (green) modes for the MAPbI3 

(001) and MAPbI3 (100) single-crystal film solar cells. The devices were kept under ambient 

condition (22 °C, 50% RH) for 24 hours and then measured under the same condition. The 

corresponding maximum photovoltaic parameters under 1 sun illumination are given as inserts. (C) 

Optimized slab structure for PbI2-rich MAPbI3 (001) with PCBM and O2 passivation. (D) 

Optimized slab structure for MAI-rich MAPbI3 (100) surface with polar characteristics. 

 

In summary, we synthesized two MAPbI3 single-crystal films with preferred (001) and (100) 

orientations by carefully controlling the ratios of precursors using a confined space method. We 

integrated both single-crystal films into inverted solar-cell devices and found that the MAPbI3 

(100) single-crystal film shows better photovoltaic performance (PCE = 19.3%), as compared to 

that of the MAPbI3 (001) case (PCE = 16.0%), in the nitrogen-filled glovebox. We further 

investigated the charge carrier dynamics at interfaces formed between the MAPbI3 single-crystal 

films and the organic charge transporting layers (PTAA and PCBM) that were employed in solar-

cell devices. The optical measurements suggested that both MAPbI3 (001) and (100) single-crystal 

films tend to favor hole injection into PTAA. The MAPbI3 (100) surface also tends to facilitate 

electron transfer to PCBM, which is due to appropriate interfacial energy alignments and charge 

density redistributions, as described by the DFT calculations. In sharp contrast, PCBM deposition 

can enhance the PL intensity of the MAPbI3 (001) single-crystal film, which is attributed to 

passivation of the PbI2-rich surface by the PCBM carbonyl group. Under ambient condition, as 

compared to the (100) case with a decreased PCE, MAPbI3 (001) single-crystal film was 

demonstrated to have an increased PCE (up to 17.2%) because of dual passivation by O2 and 

carbonyl group from PCBM. Our study highlights the importance of optimizing the perovskite 
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crystallization and surface orientation to improve the charge transfer properties at the 

organic/perovskite interfaces and enhance single-crystal photovoltaic performance and stability. 
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