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Abstract 

Lead halide perovskite solar cells (PSCs) have advanced rapidly in performance over the past 
decade. Single-crystal PSCs based on microns-thick grain-boundary-free films with long charge 
carrier diffusion lengths and enhanced light absorption (relative to polycrystalline films) have 
recently emerged as candidates for advancing PSCs further toward their theoretical limit. Thus far, 
the preferred method to grow MAPbI3 single-crystal films for PSCs involves solution-processing 
at temperatures ⪆120 °C, which adversely affects the films’ crystalline quality, especially at the 
surface, primarily due to methylammonium iodide loss at such high temperatures. Here we devise 
a solvent-engineering approach to reduce the crystallization temperature of MAPbI3 single-crystal 
films (<90 °C), yielding better quality films with longer carrier lifetimes. Single-crystal inverted 

PSCs fabricated with this strategy show markedly enhanced open-circuit voltages (1.15 V vs. 1.08 

V for controls), leading to power conversion efficiencies of up to 21.9%, which are among the 

highest reported for MAPbI3-based devices.  
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Lead halide perovskite solar cells (PSCs) are the fastest growing photovoltaic technology 

to date, reaching commercially compelling power conversion efficiencies (PCEs) in just under a 

decade of development.1 PSCs are mainly based on polycrystalline thin films (⪅700 nm), where 

grain boundaries and very rapid crystallization give rise to bulk and surface defects that hinder the 

further development of their optoelectronic performance.2 As such, mitigating electronic defects, 

particularly those stemming from surfaces and grain-boundaries, has become a central theme of 

perovskite research.3–12 On the other hand, in conventional state-of-the-art semiconductors such as 

Si and GaAs, record performing devices rely on single-crystalline absorbers possessing very low 

defect concentrations.13–15 Perovskite single-crystals were also shown to have extremely low trap-

state densities, resulting in carrier diffusion lengths that are about two orders of magnitude longer 

than those in their polycrystalline analogues.16–22 Such long diffusion lengths, afford the utilization 

of relatively thick single-crystal films (~20 microns) as solar cell absorbers.23 Thick films enable 

the perovskite absorber layer to practically extend its light absorption further into the Near-IR 

spectrum, due to the increasing cross-section of the indirect bandgap as film thicknesses increase 

(note: the bandgap of MAPbI3 has an indirect-direct nature; the indirect bandgap is situated on the 

lower energy side of the direct bandgap, but has a lower absorption coefficient).24–26 Therefore, 

single-crystal PSCs (SC-PSCs) offer an opportunity to improve upon the absorption of 

polycrystalline films, which is a necessary step for bridging the efficiency gap between PSCs and 



the theoretical Shockley-Queisser efficiency limit for single-junction solar cells.27,28 However, in 

contrast to the multitude of facile approaches to fabricating high efficiency polycrystalline film 

PSCs, the options for growing single-crystals suitable for PSCs are limited and so far only one 

report has demonstrated SC-PSCs with PCEs >20%.23 

Recently, we showcased the potential of SC-PSCs by realizing ~21.1% efficient devices 

based on ∼20 μm-thick methylammonium lead iodide (MAPbI3, where MA=CH3NH3) 

monocrystalline absorber films.23 In an inert environment, the crystal films were grown directly 

on the hole transporting layer using a solution space-limited inverse-temperature crystal (ITC) 

growth method29,30 — considered the most common single-crystal growth technique for lead halide 

perovskites — wherein MAPbI3 was dissolved in γ-butyrolactone (GBL) as the solvent, and the 

temperature was raised to ∼120 °C for nucleation and growth. Unfortunately, the requirement of 

processing at such a high temperature (set by the solubility of MAPbI3 in GBL) inevitably leads 

to the deterioration of the crystal quality, especially at the surface, given the hybrid soft ionic 

nature of MAPbI3 and volatility of the organic cation.31–35 Moreover, the problem is exacerbated 

by the fact that longer hours are needed for thin film crystal growth due to the limited diffusion of 

the solution in thin confined spaces. The thermally-triggered instability is initiated at the surface, 

whereby the loss of methylammonium iodide (MAI) leads to a layer-by-layer degradation, leaving 

behind a lead iodide (PbI2) rich surface.31 While surface defects might not have a profound effect 

on the short-circuit current (JSC) due to the eventual escape of a portion of the trapped charges 

toward the collecting electrodes, they would significantly affect the open-circuit voltage (VOC).5,35 

Here, we designed an approach that enables the growth of MAPbI3 single-crystal thin films 

to occur at lower temperatures, and, thereby, limiting the escape of MAI from the crystal structure 

(Figure 1a, 1b). We optimized a solvent mixture of propylene carbonate (PC) and gamma-



butyrolactone (GBL) such that low-temperature (<90 oC) ITC of MAPbI3 thin films on the hole 

transporting layer is feasible. SC-PSCs fabricated with this low-temperature crystallization 

strategy show a significant enhancement in the open-circuit voltage (VOC) with values as high as 

1.15 V (vs. 1.08 V for control devices), leading to PCEs of up to 21.9%. These results highlight 

the potential of SC-PSCs in advancing perovskite photovoltaic technology, and emphasize the 

room for further performance improvement by enhancing the surface properties.  

 

Figure 1. Schematic illustration of methylammonium iodide escape from MAPbI3 single-crystal films at 

(a) high temperature (High-T) and (b) low temperature (Low-T) crystallization. (c) Temperature-dependent 

solubility of MAPbI3 in GBL and PC/GBL solvent mixture. (d) XRD 2θ patterns of the single-crystal thin 

films grown at high and low temperatures. 

 

 

 



Figure 1c shows the temperature-dependent solubility of MAPbI3 in GBL and PC/GBL 

solvent mixture (see Supplementary Information for further details).  In GBL, the solubility is 

maximum at around 60 °C and can sustain a concentration of about 1.7 M before precipitating. A 

lower concentration is normally chosen (~1.5M) when growing thin single-crystal films, since 

complete dissolution of the precursors is ensured and precipitation from slight temperature changes 

is prevented when transferring the solution to the substrate. As the temperature increases, 

nucleation occurs at ~100 °C. To obtain larger crystals suitable for solar cell fabrication, the 

temperature is further raised to a maximum of ~130 °C. To lower the crystallization temperature 

and improve the yield, the solubility curve needs to be shifted (horizontally in Figure 1c) to lower 

temperatures while the final solubility at the crystallization temperature needs to be decreased 

(vertically in Figure 1c) without substantially sacrificing the initial solubility at the precursor 

preparation temperature. In other words, the solubility of the perovskite in GBL should be lowered 

while preserving ITC. We found that adding the solvent PC lowers the crystallization temperature 

resulting in higher yields without dissolving the hole transporting layer poly(triaryl amine) 

(PTAA) in which the solution makes direct contact with during crystallization. PC on its own also 

shows ITC of MAPbI3
36; however, the solubility of MAPbI3 in PC is very low to be adopted for 

thin single-crystal growth with a maximum solubility of around 0.45M measured at room 

temperature. Adding 35% by volume of PC to GBL is sufficient to modify the curve such that the 

solubility is maximum at ~37°C. In this case, nucleation happens at ~60°C and the temperature 

can be increased to ~90°C for further crystal growth. Lowering the crystallization temperature 

further is possible, but creates difficulties in obtaining decent crystal areas suitable for solar cell 

fabrication as thermal convection of the micrometer-confined solution becomes restricted, leading 

to many nucleation sites occurring in response to minor temperature changes.  It is worth noting 



that there are existing methods that utilize low-temperature growth to produce large high quality 

bulk MAPbI3 crystals such as the antisolvent vapor-assisted crystallization method (AVC) at room 

temperature and cooling from a hydroiodic acid solution (<75 °C).16,17,37 However, such techniques 

are incompatible with the space-limited thin film growth method adopted to fabricate efficient 

solar cells. Common antisolvents such as toluene and dichloromethane (DCM) cannot substitute 

for PC, as they readily dissolve PTAA and are volatile. Moreover, the use of acids such as 

hydroiodic acid (HI) and formic acid was avoided as they alter the substrate properties when in 

contact for a prolonged period of time.38 

We compared the conventional single-crystal films grown at high temperatures (100 °C -

130 °C) in GBL to single-crystal films grown using our new approach at lower temperatures (60 

°C - 90 °C). X-ray diffraction (XRD) shows clear evidence for the escape of MAI from the crystal 

surface in the former case. While, a full range XRD scan (Figure 1d) shows no discernible 

differences between the patterns of single-crystal thin films obtained at low and high temperatures, 

a zoom-in extended scan of the region corresponding to PbI2 (Inset Figure 1d), reveals an obvious 

peak emerging at 12.7° for the high-temperature grown sample, whereas the low-temperature one 

displays no peak within the detection limit of the instrument. 

To further assess the surface quality, the charge carrier recombination dynamics were 

explored on crystal films grown on glass to analyze the intrinsic material response without the 

influence of external factors. Time-resolved photoluminescence (TRPL) lifetime measurements 

were performed on these samples upon 385-nm excitation. The average carrier lifetime in the low-

temperature-grown film is much longer (164 ns) than that of the high-temperature film (42 ns), as 

illustrated in Figure 2a. The longer lifetime in the low-temperature grown film indicates that the 

surface possesses less defect states and crystalline disorder as compared to the high-temperature 



grown sample.39 The steady-state photoluminescence (PL) (Figure 2b) reveals close to a 3-fold 

increase in PL intensity emanating from the low-temperature grown film which is consistent with 

the PL lifetime data, a strong indication for the reduction in the number of non-radiative 

recombination centers.35 To confirm the uniformity of the increased PL, two-dimensional (2D) 

contour mapping of the PL intensity was carried out. Figure 2c and 2d show that the increase in 

PL is consistent and independent of the location on the crystal’s surface. The disparity in PL 

intensity for both thin crystal samples reveals that crystallizing at a lower temperature enhances 

radiative recombination channels as compared to higher temperature growth. 

 

 

Figure 2. Optical Characterization. (a) TRPL, (b) steady-state PL spectra, and PL mapping comparisons 

of the MAPbI3 single-crystal films grown at (c) High-T and (d) Low-T. 

 



To investigate the photovoltaic performance of the grown films, inverted (p-i-n junction) 

planar SC-PSCs were fabricated and tested under 1-sun illumination. A top-view scanning electron 

microscopy (SEM) image of the crystal film (Figure S1) shows a smooth grain-boundary-free 

surface, which allows for the complete and even coverage of the transporting layers and electrode. 

The cross-sectional SEM images of the cells (Figure 3a, b) reveal a ~20 μm smooth 

monocrystalline film. The device configuration is: ITO/PTAA/MAPbI3 single-

crystal/C60/Bathocuproine (BCP)/Cu (Figure 3c). Figure 3d compares the reverse-scan J-V curves 

of the best devices fabricated for single-crystal films grown by both techniques. Although the 

short-circuit current (JSC) and fill factor (FF) are similar in both cases, the VOC of the device 

fabricated with the low-temperature approach (1.144 V) was markedly higher than the VOC of the 

device fabricated in the high-temperature regime (1.067 V). This increase in VOC is responsible for 

the better photovoltaic performance. To better identify the trends and assess the reproducibility of 

the two techniques, a statistical analysis of 10 different cells of each was carried out. The 

corresponding photovoltaic parameters are illustrated in Figure 3e-3h displaying good 

reproducibility of the fabricated devices. The low-and high-temperature approaches yield 

maximum VOC values of 1.15 V and 1.08 V, and average values of 1.13 V and 1.06 V, respectively. 

The JSC and FF are largely unaffected.  This improved VOC is reminiscent of the one achieved in 

polycrystalline PSCs after defect passivation treatments.40–42 Crystallographic defects trap charges 

and promote non-radiative recombination, which, in turn, restrains the quasi-Fermi level splitting 

leading to suppression of the photovoltage.43–45 Consequently, a superior VOC  is observed in the 

lower temperature grown films with better crystal quality. It is well established in the literature 

that the surface of perovskite single crystals lags significantly behind their bulk in terms of charge 

traps, rendering the surface a major limiting factor in optoelectronic performance of single 



crystals.33,37 Stolterfoht et al. have shown that an improvement in the bulk lifetime would unlikely 

lead to a VOC enhancement when the surface quality is poor.46,47 This along with the observed 

sensitivity of MAPbI3 to high temperatures and the fact that thin single crystal films possess a 

much higher surface area to volume ratio than bulk crystals (aspect ratio of about 100:1) have led 

us to focus our analysis on the surface; however, we do not exclude a quality improvement in the 

thin crystal bulk as a result of lower temperature growth. 

 

Figure 3. Characterization of perovskite single-crystal solar cells. (a) and (b) Cross-sectional SEM images 

of the single-crystal device. Note that the few nanometer-thick transporting layers are not visible at such 

magnifications.  (c) Device structure of the single-crystal solar cells. (d) J–V curves comparison of the best 

SC-PSCs made from High-T and Low-T crystallization. Statistical comparison of the photovoltaic 

parameters for 10 devices including (e) power conversion efficiency (PCE), (f) open circuit voltage (VOC), 

(g) short circuit current (JSC), and (h) fill factor (FF).  All data was measured under 1-sun illumination. 

Figure 4a shows the J-V characteristics of the champion device. The reverse-scan displays 

a VOC, JSC and FF of 1.144 V, 23.68 mA cm-2 and 0.81, respectively, resulting in a PCE of 21.93%. 

To confirm the superior PCE, steady-state maximum power output (SPO) of the champion device 

was conducted by fixing the voltage at maximum power point (0.99V) and measuring the 

photocurrent for about 120 s (Figure 4b). The SPO indicates a stabilized PCE of ~21.6%, close to 



the reverse-scan PCE. To verify the JSC, the external quantum efficiency (EQE) was measured and 

corresponding integrated current-density is plotted in Figure 4c. The JSC
 from EQE is 23.99 mA∙ 

cm-2 and only about 0.3 mA cm-2 higher than that obtained from the J-V curves, which might be 

due to spectral mismatch. It is worth noting that the devices fabricated by both the low- and high-

temperature methods attain their maximum performance after 3-10 days of post-fabrication. While 

the exact reason behind this remains unclear and outside the scope of this work, an in-depth 

investigation might be more insightful, especially in the context of understanding why some 

polycrystalline-based PSCs also exhibit their highest PCE days after their fabrication.48 

 

Figure 4. (a) J−V curves of the champion device under forward(red) and reverse (blue) scans. (b) Steady-

state PCE output of the champion cell at maximum power point at an applied bias of 0.99 V. (c) EQE 

spectrum and integrated JSC of the champion cell.  

 



 In brief, a low-temperature ITC method to grow thin single-crystal films of MAPbI3 was 

designed via solvent engineering. Compared to high-temperature growth, this approach enhances 

the film’s surface quality and extends the radiative charge carrier lifetime, enabling higher VOC 

values. SC-PSCs fabricated with this low-temperature method exhibit an enhanced VOC of up to 

1.15 V and a champion PCE of 21.93%, which sets a new record for SC-PSCs. With no grain 

boundaries at play, these results indicate the importance of the surface in advancing perovskite 

photovoltaic technology, and provides a platform to study PSCs while excluding the effects of 

grains. Further efforts are needed in evaluating the long-term stability of SC-PSCs under light (for 

e.g. maximum power point tracking), which calls for the development of proper encapsulation 

protocols and protection of the interface contacts against external factors such as moisture.23 

Moreover, while the space-limited method produces good-quality films that enable highly-

efficient SC-PSCs that are currently appealing for fundamental studies, industrial standards for 

large-area devices will necessitate the development of more scalable techniques.49,50 Interface 

engineering and proper integration of single-crystal films into efficient device architectures will 

be key for further advancing the performance of SC-PSCs.  
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