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ABSTRACT  

Contemporary advancements in perovskite semiconductors are visibly impacting the progress of light 

conversion applications. These alluring photo absorbers have gained wide consideration owing to their 

simple processing and striking optoelectronic properties. Although polycrystalline perovskite thin films 

exhibit phenomenal performance in energy harvesting devices, they suffer from severe instabilities arising 

from morphological disorder and surface degradation under ambient conditions. Recent progress in 

perovskite single-crystals, which in theory should outperform their polycrystalline thin-film counterparts, 

has been demonstrated to surmount these challenges due to the exceptional optoelectronic properties, such 

as low trap density, high mobility, low intrinsic carrier concentration and long carrier diffusion length. 

However, most of the growth approaches used for single-crystal syntheses produce very thick crystals and 
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subsequently, the related optoelectronic applications are very limited. Given the potential of perovskite 

single crystals, to break a new path for perovskite optoelectronic devices relies on understanding 

sustainable issues arising from interfacial/integration losses and developing passivation strategies to 

achieve performance parity in open ambient. Therefore, the current review provides a comprehensive 

overview of the advantages, limitations, and challenges associated with growth methods of single-crystals 

and their chemical stability, device configurations, photophysics, charge carrier dynamics and 

photovoltaic applications. 

TOC GRAPHICS 

 

 

In recent years, metal halide perovskites (MHP) have captivated the interest of researchers owing to their 

engrossing properties and phenomenal performances in numerous optoelectronic devices. In the early 

1980s, MAPbX3 (MA = CH3NH3, X = Cl¯ , Br¯ , I¯ ) and MASnBrxI3-x-based semiconductors were merely 

considered to be promising for photovoltaics.1 Nevertheless, their physical and chemical properties have 

not been meticulously studied. A turning point in the field occurred in 2009 when Miyasaka first reported 

a thin film-based solar cell with an efficiency of 3.81% and photovoltage of 0.96 V showing external 

quantum efficiency (EQE) of 65%.2 Later, many researchers have contributed for the synthesis and device 

applications of single-crystal perovskite in solar cells and other optoelectronic applications.3,4 Moreover, 
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single-crystal perovskites (SCPs) are a unique class of materials that have been used as solar radiation 

absorbers. It should be noted that the MAPbX3 (X = Br─, I─) perovskite single crystals possess 

unprecedented long charge carrier diffusion lengths (10 µm) and a striking low trap density (109 to 1010 

cm–3).5 More specifically, under 1 sun illumination, the single-crystals of MAPbI3 achieved diffusion 

lengths of 175 μm and exceeding 3 mm under weak light for both electrons and holes.6-7 To achieve an 

efficient device performance, long-range ordered pattern in a perovskite lattice is desirable to significantly 

decrease the defects and to mitigate charge recombination loss of the derived devices.8 It should be pointed 

out that the large absorption coefficient and properties of the restructured surfaces of single-crystal in 

open ambient is different from those of the bulk, including the morphology, carrier mobility, photocurrent, 

carrier dynamics, optical bandgap and device performance.9-11 The photogenerated charge carriers are 

effeciently extracted from the SCPs with active layer thickness much greater than that of the thin films 

due to the long carrier diffusion length in the singe crystal perovskites.12To overcome the limitations in 

polycrystalline perovskite solar cells (PSCs), research is focused on replacing polycrystalline perovskite 

films with high‐quality perovskite single-crystalline thin films. Given the notable advancements in 

perovskite thin films, efficient photovoltaic applications can be realized by using highly ordered absorbers 

with a low density of trap states. Additionally, in high humidity (RH  60 ± 5%) conditions, the devices 

are prone to degradation, and hence, it is imperative to exploit high-quality single-crystal-based perovskite 

thin films with minimal structural defects and grain boundaries.31 Therefore, advanced investigations of 

perovskite single-crystal and their integration into efficient optoelectronic devices have been performed 

but are yet to plateau.13 A variety of optoelectronic applications accomplished since then is shown in Fig. 

1.  
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Figure 1. Applications of ABX3 perovskites. a) Photodetectors reprinted from ref. 14. b) Field emitting 

transistors reprinted from ref. 15. c) Solar cell devices reprinted from ref. 16. d) Photoluminescence 

reprinted from ref. 17. e) Visible light communication reprinted from ref. 18. f) Multicolor X-ray 

scintillation (X-ray illumination at a voltage of 50 kV) reprinted from ref. 19. g) Small perovskite-based 

lasers reprinted from ref. 20. h) LEDs reprinted from ref. 21. (Panels reprinted with permission from as 

indicated refs. Copyrights from the American Chemical Society, Wiley and Springer Nature publishers). 

The current review comprehensively summarizes the various methods for the growth of single-crystal 

with a primary focus on the monocrystalline thin films and subsequently achieved photovoltaic 

applications. Although the advancement of perovskite field in terms of various optoelectronic applications 

is exciting, a clear understanding of critical parameters such as the ion migration pathways in perovskites 

and the charge carrier/displacement transport mechanisms at the interfaces of transport layers/perovskite 

layers remains the key to designing efficient devices.22-25 Apart from the evolution of SCPs, the 

fundamental optoelectronic properties along with the stability issues and associated challenges, while 

fabricating the devices are discussed in detail. The advantages, limitations, and challenges of numerous 

growth processes have been comprehensively reviewed. Finally, this review will provide some 

perspectives and a future outlook on the development of sustainable SCPs photovoltaic applications. 
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2. Crystal Structure 

 

Figure 2. a) CH3NH3PbI3 perovskite cubic, tetragonal and orthorhombic crystal structures. (Redrawn 

from ref. 26). b) Tolerance factors (t) of a series of halide perovskites. (Redrawn from ref. 27 copyright 

2015 The Royal Society of Chemistry). 

 MHPs crystallize in the ABX3 structure, where A (monovalent) and B (divalent) are cations of different 

sizes and X is an anion that mainly consists of halogens (Cl¯ , I¯ , Br¯ ). Note that the ABX3 crystal is 

isostructural to the perovskite oxide CaTiO3 structure. The crystal structure of ABX3 halide perovskites 

is built by a 3D, corner-sharing BX6 octahedra network, where the A-site cations occupy the 12-fold 

coordinated (cuboctahedral) voids to maintain charge neutrality.28 The stability of the crystal structure is 

determined by the tolerance factor, calculated using the formula 

𝑡 = (𝑟𝐴 + 𝑟𝐵)√2(𝑟𝐵 + 𝑟𝑋) 

where 𝑟𝐴, 𝑟𝐵 and 𝑟𝑋 are the ionic radii of A, B, and X, respectively.29 The t value ranges from 0.7 to 0.9, 

ascribed to structures with smaller A or larger B, at which values tetragonal, orthorhombic or 

rhombohedral structures easily form. The crystal structures of the tetragonal and orthorhombic phases of 

CH3NH3PbI3 are illustrated in Fig. 2a.26, 30 The Methylammonium position is disordered in the tetragonal 

phase from 160 K to room temperature, whereas it is ordered below 160 K in the orthorhombic phase.26 
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The hybrid perovskites containing Pb and Sn elements and their corresponding parameters are listed in 

Fig. 2b. 

3. Growth Methods of Perovskite Single-crystals 

Generally, high‐quality perovskite single-crystalline films solar cells were fabricated by employing the 

cavitation‐triggered asymmetric crystallization (CTAC) and space-limited inverse temperature 

crystallization (SLITC) growth.31,32 Using these films, a stable prototype architecture 

ITO/CH3NH3PbBr3/Au is devised, which manifested near 100% internal quantum efficiency (IQE), and 

power conversion efficiencies (PCEs) >5%. Very recently, a record efficiency of 21.09% and highest fill 

factor of 84.3% were achieved using the device architecture ITO/PTAA/MAPbI3/C60/BCP/Cu, which sets 

a new path in single-crystalline thin-film solar cells (as discussed in details below). Therefore, seeking 

high-quality, and thickness controlled perovskite single crystals is indispensable for future optoelectronic 

applications. There are numerous growth methods to obtain single-crystal perovskites, few of them are 

discussed below. 

 

Figure 3. Syntheses of bulk SCPs. a) Schematic diagram of the top-seeded solution growth of a large 

MAPbI3 single-crystal. (Redrawn from ref. 33 copyright 2016 The Royal Society of Chemistry). b) 
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Schematic illustration of the bottom seeded crystal growth method. (Redrawn from ref. 34, 35 copyright 

2015 from The Royal Society of Chemistry and Nature Publishing Group). c) The ITC apparatus’s 

schematic representation of crystallization taking place in a vial immersed in a heating bath. The solution 

is heated from room temperature and kept at an elevated temperature (80 ºC for MAPbBr3 and 110 ºC for 

MAPbI3) to initiate crystallization, is redrawn from ref. 36. d) MAPbBr3 crystal growth at different time 

intervals. (Reprinted with permission from ref. 36 copyright 2015 Nature Publishing Group). e) Schematic 

representation of ITC apparatus using the peristaltic pump. (Reprinted with permission from ref. 37 

copyright 2016 Wiley). f) Schematic depicts the modified setup of ITC apparatus with the peristaltic 

pump. (Reprinted with permission from ref. 38 copyright 2018 The Royal Society of Chemistry). g) 

Schematic represents the space confined growth strategy of hybrid perovskite single-crystal thin films. 

(Reprinted with permission from ref. 39 copyright 2016 American Chemical Society). h) Schematic 

illustrates the single crystal growth mechanism through PTFE frame stacking technique. (Reprinted with 

permission from ref. 40 copyright 2015 Nature Publishing Group). 

3.1 Temperature Lowering Method 

The widely adopted method for the crystal growth of organometallic halide perovskites is the 

temperature lowering method.41-44 In general, seed-assisted growth is commonly used for growing large-

sized, high-quality single crystals.45
 By carefully lowering the temperature, crystal growth on the preferred 

seed is observed when it is immersed in the appropriate solution. Through solute saturation and the use 

of an aqueous perovskite precursor HX (X = Cl¯ , Br¯  I¯ ), the saturated solution containing the inorganic 

and organic halide salts form a halide perovskite crystal. Top-seeded solution growth (TSSG) and bottom 

seeded solution growth (BSSG)29 methods are commonly used for the synthesis. 

3.1.1. Top-Seeded Solution Growth Method 

Dong et al. synthesized a single-crystal of MAPbI3 via the TSSG route, in which the seed crystal is 

fixed to a silicon substrate on top of the solution.6 Due to the dissolution of the small seed crystal induced 
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by the temperature disparity between the top and bottom of the solution, the supersaturation condition 

results in the formation of bulk MAPbI3 single-crystals. The method is schematically illustrated in Fig. 

3a, showing the formation of high-quality single-crystals with dimensions of 10 mm length by 3.3 mm 

thickness.  

3.1.2. Bottom Seeded Solution Growth Method 

   

 

Figure 4. a) Schematic diagram of bottom seeded solution growth crystallization process. (Redrawn from 

ref. 5 copyright 2015 American Association for the Advancement of Science). b) Photograph of a batch 

of as-grown MAPbBr3 and MAPbI3 single-crystals produced within a week. (Reprinted with permission 

from ref. 5 copyright 2015 American Association for the Advancement of Science). c) Schematic of the 

growth process of CH3NH3PbI3 crystals. (Redrawn from ref. 46 copyright 2016 The Royal Society of 

Chemistry). d) Schematic diagram of the melt crystallization method. (Redrawn from ref. 47 copyright 

2017 Springer). e) Schematic illustration of the cast-capping technique of growing single crystals. 
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(Redrawn from ref. 48 copyright 2017 Elsevier). f) Schematic of Oswald ripening crystallization method. 

(Reprinted with permission from ref. 49 copyright 2018 American Chemical Society). 

Dang et al. first reported the BSSG method by growing single-crystals of MAPbI3.
50 The crystals are 

produced by modifying the temperature conditions and selecting a high-quality seed crystal grown by the 

spontaneous crystallization method. In this method, the tray fixed with the seed crystal, as shown 

schematically in Fig. 3b is rotated by using an electric motor, and the temperature of the saturated solution 

is cooled down from 65 οC to 40 οC. As a result, single-crystals of MAPbI3 are produced.50 Consequently, 

an unreactive platinum wire was used to fix a seed crystal (Fig. 3b), to obtain a single-crystal, by lowering 

the temperature of the solution from 100 οC to 57 οC.35 With the above two methods, it is possible to grow 

large size single-crystals with high quality under controlled and stable conditions. 

3.2. Inverse Temperature Crystallization Method 

The inverse temperature method (ITC) is a technique used for the rapid growth of single crystals within 

minutes.78 Single-crystals were grown by ITC in appropriate solvents, producing high-quality and shape-

controlled single-crystals.13, 36, 51 This method involves the dissolution of MAPbBr3 in an appropriate 

solvent, that is, N, N-dimethylformamide (DMF), thus forming small MAPbBr3 perovskite precipitates 

under high-temperature conditions. The solubility of MAPbBr3 in the solvent DMF is controlled by 

varying the temperature from room temperature to 80 C. Such an unusual property was used for 

crystallization in a hot solution with rapid inverse solubility, as illustrated in Fig. 3c. The crystal growth 

of MAPbBr3 perovskites using the ITC method was recorded at various time intervals, as illustrated in 

Fig. 3d. Interestingly, the crystal formation of both MAPbBr3 and MAPbI3 is a reversible process, and the 

crystals disappear when left to cool at room temperature.13, 36, 51  

Later, this method was implemented to grow mixed halide perovskites of (CH3NH3)Pb(Br1-xClx)3 

single-crystals.52 Similarly, a modified ITC method was used to grow a 5-mm-sized FAPbI3 single-crystal 

from a FAPbI3 seed crystal using the cooling solution method, followed by placing the seed crystals in an 
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ITC precursor to form large crystals.53 The ITC method is distinguished from the temperature lowering 

method, it is suitable for materials with high solubility at room temperature in an appropriate solvent, 

subject to the condition that the solubility decreases with increasing temperature. 

SCPs have charge carrier diffusion lengths in the order tens of micrometer range. For widespread 

utilization of single-crystals, the thickness of the active layer should be less than its diffusion length. 

Therefore, the growth methods need to be redesigned primarily to control the thickness and orientation of 

as-grown single-crystalline thin films. Recent studies have revealed that single-crystalline perovskite 

films exhibit optoelectronic properties that are similar to those of SCPs.54-57 Being in this rergime, a one-

step printing method to fabricate CH3NH3PbI3 single-crystal perovskite thin films on a wafer-scale 

substrate has been reported recently.58 The enhanced carrier mobility observed in the SCPs thin film was 

thought to be the driving force in enhancing the performance of optoelectronic devices.58 The propensity 

for SCPs thin films to grow on any substrate allows them to be obtained in proper lateral configurations, 

enabling the fabrication of flexible devices.58 To confine the thickness, single crystals were grown 

between two parallel glass slides, designed in a dynamic flow setup by using a peristaltic pump to grow 

MAPbI3 single crystals of lateral sizes up to 1 cm and thicknesses of 150µm (Fig. 3e).37 Recently, a 

modified setup is also used to grow ultra-thin free-standing single crystals of thickness 35µm (Fig. 3f).38 

Realizing the advantage to grow the perovskite single crystals directly on the substrate, Chen designed a 

novel setup by clamping the two substrates together by a binder clip and vertically immersing in to the 

solution (Fig. 3g).39 These single crystals have low lateral sizes with tunable thickness from 13 nm to 

4.5µm obtained by varying the pressure of the binder clips. Later an ingenious way to confine the single 

crystal by stacking a U- shaped PTFE frame between the substrates (Fig. 3h) has been proposed. The 

temperature across the frame aids crystal growth. The thickness was tuned by varying the thickness of 

PTFE frame.40 Notably, the lateral size of the crystal is governed by its nucleation energy barrier.23 A 
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substrate-surface modification strategy is also used by adjusting the nucleation barrier to grow large single 

crystals.14 

3.3. Antisolvent Vapor-Assisted Crystallization Method (AVC) 

AVC technique works based on the diffusion process, initially used for the growth of MAPbX3 crystals.5 

The central basis of this versatile method is choosing an appropriate antisolvent that diffuses into the 

crystal precursor solution, leading to the growth of high-quality crystals of MAPbX3, as illustrated in Fig. 

4 (a, b). Highly soluble and moderately coordinated solvents (DMF) can be considered for MAX and 

PbX2, along with an antisolvent in which both precursors are entirely insoluble (dichloromethane - DCM). 

DCM is preferred because it does not form any hydrogen bonding with the precursors and due to its poor 

solubility, reduces the asymmetric interactions with the ions during the formation of the crystal. Moreover, 

DCM has a low boiling point, so it can evaporate at room temperature and diffuse easily into precursor 

DMF solution. Employing this method, high-quality MAPbBr3 and MAPbI3 single-crystals (mm sized) 

were grown.5, 59 This method can be adapted to grow small-sized single-crystals but not large-sized single-

crystals, thus constraining its effective utilization for producing optoelectronic devices. 

3.4. Melt Crystallization Growth Method 

This technique consists of the a) Czochralski and b) Bridgman methods. Usually, organic compounds 

are chemically unstable at their melting temperature and high vapor pressure. Therefore, the melt 

crystallization technique is suitable for organic-inorganic halide perovskite materials with a specific 

melting point.60-61 The Bridgman technique is a commonly used method for growing crystals in a sealed 

ampoule.60, 62 In this process, a quartz ampoule packed with reactants is sealed under vacuum, and then, 

a temperature gradient is applied. Later, spontaneous nucleation is induced at the tip of the ampoule at a 

particular temperature; then, the crystallization front propagates to the molten material. In 2012, CsSnI3 

polycrystalline ingots and CsPbBr3 single-crystals were prepared using the Bridgman growth method.63 

The advantages of the Bridgman method are that it is readily implementable, and its interface curvature 
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can be adjusted by changing the temperature of the crucible, as illustrated in Fig. 4d.47 Due to the 

mechanical stresses inside the crucible induced by contact of the growing crystal, the defect density, and 

impurity levels may be increased, thus inhibiting the application of these crystals.64 

3.5. Droplet–Pinned Crystallization Method 

Ye et al. first reported the droplet-pinned crystallization (DPC) method by growing a MAPbI3 single-

crystal.46 In this method, ITO glass is modified with PEDOT: PSS and a smaller piece of the silicon wafer 

is placed on the modified glass. A precursor solution of MAPbI3 is dropped on the sample. MAPbI3 is 

dispersed via the evaporation of the solvent. Rectangular MAPbI3 single-crystals are formed upon 

annealing at 100 °C for 3 minutes. Employing this method, besides the microscale single-crystals, the 

single-crystalline thin films can also be produced, as illustrated in Fig. 4c.29 The application of thicker 

single-crystals (mm scale) in a device may lead to a severe charge recombination thereby leading to poor 

solar cell performance.  

3.6. Solvent evaporation crystallization 

Solvent evaporation is the most typical technique to grow a single crystal. Here crystallization occurs as 

the solvent slowly evaporates from the precursor solution which is placed in between the two substrates. 

In 2016, Nguyen et al. first showed the cast-capping method to synthesize MAPbX3 (X= I, Cl, Br) single 

crystals (Fig. 4e).48 Here, the precursor was cast on a substrate at room temperature and capped with 

another substrate. The obtained single crystals have a lateral size of a few hundred micrometers and 

thickness on the micrometer scale. However, the formation time of the crystals is comparably higher than 

all the other techniques. Recently, growth of (FAPbI3)0.85(MAPbBr3)0.15 via the same technique at a higher 

temperature of 80 C was demonstrated to achieve single crystals with lateral sizes of up to 2 mm.11 The 

major challenge with the Huang’s methodology is the formation of discrete tiny crystals with non-uniform 

sizes. Subsequently, a facile roll to roll technique was developed to fabricate inch scale single crystals. 

The precursor solution was transferred on to the hot substrate (180 C) using the rolling mold, thereby 
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forming the quick crystallization leading to inch scale single crystals.65 In a similar process, single-crystal 

plates were also patterned on the charge transporting layers via doctor blading technique and Oswald 

ripening crystallization process (Fig. 4f).49  

3.7. Vapor‐phase epitaxial growth 

In the vapor phase epitaxy, the precursor ions transported to the monocrystalline substrate at a proper 

temperature, they react to form single crystals. This technique enables us to grow a single crystal as low 

as monolayers thin. However, the temperatures required for such a high phase pure crystal are usually 

high. In addition to the high temperatures, the expansion coefficient of the target material should match 

with the substrate making this technique practically non-viable. Single crystals of CsPbBr3 and CsSnBr3 

on NaCl substrate have been synthesized with lateral dimensions of up to centimeters.66 Around the same 

time centimeter-sized CsPbBr3 single crystal on strontium titanate (STO) substrate with good crystallinity 

and crystal orientation was grown.67 All these techniques open up new avenues in the SCPs for various 

optoelectronic applications. 

4. Ion Migration in Hybrid Perovskites 
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Figure 5. a) Illustration of migration paths and ionic transport mechanisms for I, Pb2+, and MA+ in 

MAPbI3; b) energy profiles along the VI and VMA migration paths in MAPbI3; and c) diffusion paths for 

the VI, VMA, VPb and Ii defects in MAPbI3. (Reprinted with permission from refs. 68-70 copyrights 2015 

Nature Publishing Group, 2015 American Chemical Society, 2015 The Royal Society of Chemistry).

 

Recently, the formation energies of ionic defects and activation energies of ion migration for ideal 

perovskite structures have been theoretically examined based on density functional theory (DFT) and 

molecular dynamics (MD) calculations.68, 69, 70, 71 As summarized in Table 1, Eames et al. obtained the 

lowest activation energy Ea of 0.58 eV for I¯  vacancies, a higher Ea value (0.84 eV) for MA+ vacancies, 

and the highest Ea value (2.31 eV) for Pb vacancies using the PBEsol level of theory (Fig. 5a).68 They 

suggested that the I¯  vacancy is the most mobile species, while MA+ and Pb2+ vacancies are likely to be 

immobile, and such cation diffusion may control the crystal growth processes. They also concluded that 

the accumulation of I¯  ions and vacancies at the device interfaces could create hysteresis in the perovskite 

photovoltaic devices. Tateyama et al. found that I¯  vacancies can easily diffuse along different 

crystallographic axes in both MAPbI3 and FAPbI3, with small Ea values of 0.44 and 0.48 eV, respectively 

(see the energy profiles in Fig. 5b).69 They also found that MA+ and FA+ cations have rather low migration 

barriers, with Ea values of 0.57 and 0.61 eV, respectively, indicating that the organic cations can also 

migrate in the hybrid perovskite materials when applying an external electric field. 

Meanwhile, Azpiroz et al. obtained much lower Ea values (0.16 eV) for both I͞ vacancies and interstitials, 

a significantly lower Ea value (0.80 eV) for Pb2+ vacancies, but a comparable Ea value (0.46) for MA+ 

vacancies at the PBE level of theory (see the migration paths shown in Fig. 5c).70 They concluded that I͞ 

vacancies migrate on very short time scales (less than 1 μs), too fast to explain the slow response (several 

seconds) of PSCs, while MA+ and Pb2+ vacancies should be responsible for the slow response inherent to 
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perovskites. Subsequently, Delugas et al. also showed low Ea values for I͞ vacancy diffusion (0.10 eV) 

and interstitial diffusion (0.24 eV) using molecular dynamics (MD) simulations, indicating that I- vacancy 

diffusion is the preferred ion diffusion pathway.71 

Yang et al. obtained Ea values for I͞ vacancies (0.26 eV) and interstitials (0.19 eV) as well as Ea values 

for MA+ vacancies (0.62 eV) and interstitials (0.38 eV) suggesting favorable I͞ and MA+ interstitial and 

vacancy movement in MAPbI3.
72 Recently, both Meloni et al. and Pazoki et al. found that both MA+ and 

Pb2+ cation vacancies have much larger Ea values (by more than 1 eV) than I͞ vacancies (0.37-0.45 eV).73-

74 Very recently, we found that the transition energy barrier for Br͞  migration through vacancies within 

the bulk phase is lower in MAPbBr3 than in FAPbBr3and FAPbBr3 has a much higher rotation barrier of 

the organic cation than MAPbBr3 due to the stronger hydrogen bonding with Br atoms in FAPbBr3.
75  

Table 1. Summary of defect activation energies (in eV) of bulk MAPbI3 obtained by theoretical 

calculations.

Theoretical 

Methods 

Theoretical 

Code and Level 

I 

Vacancy 

I 

Interstitial 

MA 

Vacancy 

Pb 

Vacancy 
Ref. 

DFT VASP (PBEsol) 0.58 -- 0.84 2.31 68 

DFT QE (PBE+vdW) 0.44 -- 0.57 -- 69 

DFT QE (PBE) 0.16 0.16 0.46 0.80 70 

MD DLPOLY 0.10 0.24 -- -- 71 

DFT VASP (PBE) 0.26 0.19 0.62 -- 72 

DFT CPMD (PBE) 0.45 -- 1.12 1.39 73 

DFT QE (PBE) 0.37 -- 1.14 1.37 74 

 

Overall, the calculated Ea values are sensitive to the underlying theoretical methods but are within the 

range of 0.1-0.6 eV for I͞ vacancies and interstitials, the range of 0.5-1.2 eV for MA+ vacancies and 
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interstitials and >1 eV for Pb2+ vacancies, suggesting that both the halide anion and the organic cation 

can migrate. It should be noted that in perovskite thin films, other factors, such as dynamical disorder and 

grain boundaries, can also affect the ion migration since hybrid perovskites can easily deviate from their 

ideal bulk structure. Even though the formation of defects can be largely suppressed in the perovskite 

single crystals, we cannot fully avoid ion migration processes in their solar cell devices. Since DFT 

calculations on the ion migrations were performed in the single-crystal structures of bulk hybrid 

perovskites, the obtained conclusion on the calculated activation energies can be used to understand the 

hysteresis phenomena in the perovskite single crystal-based devices, and the same computational methods 

can be used to understand the ion migrations of new hybrid perovskite single crystals. 

5. Chemical Stability of Perovskites 

Commercially viable PSCs technology suffers from two main challenges: achieving high PCE and 

achieving device stability.76 Currently, research has focused on improving the PCE of the devices by 

focusing on fabrication methods, device structures, and other various parameters. However, the 

application of PSCs is limited by the stability constraints, to overcome this hurdle, research has to be 

directed towards improving the stability of the devices for outdoor and industrial applications. The main 

factor that affects the stability of PSCs is the chemical stability, which varies under different atmospheric 

conditions.76 As a typical case, the chemical stability of a perovskite, methylammonium lead iodide, is 

shown in equation (1): 

PbI2 (s) + CH3NH3I (aq) ↔ CH3NH3PbI3 (s) (1) 

The synthetic process is indicated by the forward arrow, and the decomposition of the perovskite is 

illustrated by the backward arrow. Other perovskites, such as CH3NH3PbBr3 and CH3NH3PbCl3, exhibit 

similar reactions. Generally, nanostructures and thin films can be stabilized by surface ligand 

functionalization at the time of direct solution growth at room temperature.77 In sharp contrast, in the case 

of single crystals, these surface ligands cannot be incorporated to stabilize their surface. The perovskite 
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single crystals solar cells are been intercepted from commercialization because of their sensitivity towards 

the following factors: oxygen and moisture, light, and thermal conditions.  

5.1 Oxygen and moisture  

The stability of perovskite single-crystal is severely affected by oxygen and moisture in the atmosphere. 

For instance, consider the reaction of the perovskite CH3NH3PbI3 with oxygen, which is shown below. 

CH3NH3I (aq) ↔ CH3NH2 (aq) + HI (aq)(2b) 

4HI (aq) + O2 (g) ↔ 2I2 (s) + 2H2O (l)  (2c) 

2HI (aq) ↔ H2 (g) + I2 (s)                      (2d) 

Upon perovskite exposure to moisture, CH3NH3PbI3 coordinates with H2O molecule to form an 

intermediate complex [(CH3NH3+)n−1(CH3NH2)nPbI3][H3O] and subsequently degrades the perovskite. 

Importantly, MAPbI3 suffer serious degradation by the incorporation of water molecules into the crystal 

structure, where they form weak hydrogen bonds with the highly hygroscopic methylammonium cations, 

causing bond dissociations between the crystal constituents.67, 78-80 Moreover the degradation can also be 

initiated by the deprotonation of the methylammonium cation of the perovskite by a photogenerated 

reactive oxygen species (superoxide, O2−) where the O2− is generated by the reaction of photo-generated 

electrons in the perovskite and molecular oxygen.81 Until now, the application of MAPbI3 has focused on 

polycrystalline films; compared with SCPs, the high density of defects and grain boundaries in the thin 

films reduces the performance of the perovskites.82 The intriguing properties such as the low defect 

densities and absence of grain boundaries that act as recombination centers, makes single‐crystal 

perovskites both superior moisture and thermal stability thereby preserving the chemical structure and 

properties in the air for a long time.67 Intriguingly, the component CH3NH3Pb(I1-xBrx)3 showed stability 

when exposed to 55% humidity for almost 20 days and exhibited an excellent power conversion 

efficiency.83 Single‐crystal MAPbI3‐based PSCs, demonstrated almost no degradation in the open ambient 

at 30% humidity and 23 °C in the dark for a month, exhibiting superior stability than polycrystalline thin-
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film solar cells.84 Moreover, even after being aged in the dark air for 1000 hours the PSCs device 

manifested 93% PCE of the initial PCE.40  

5.2 Light  

The migration of ionic defects (such as vacancies or interstitials) is the most common process in 

perovskite solar cells, which induces the experimental hysteresis and switchable photovoltaic effects.85-86 

Fig. 5a illustrates several primary ion migration paths between neighboring positions in MAPbI3, 

including i) methylammonium (MA+) ions migrating to the vacant cage, ii) lead ions (Pb2+) migrating 

along the diagonal (110) direction, and iii) iodine ions (I¯ ) moving along an octahedron.68 The interactions 

between the organic cations and the inorganic framework act as a barrier for ionic migration, resulting in 

the variation of activation energy (Ea). Generally, ion migration is considerably improved under sun 

illumination in the polycrystalline films.25, 87 In the case of MAPbI3 single crystal, a similar trend was 

observed where Ea of ion migration under illumination was declined to 0.33 eV from 0.83 eV in dark 

conditions. A constant slope with a Ea of 25±3 meV obtained in quasi-2D BA2MA2Pb3I10 single-crystal 

film screening that ion migration along the in-plane direction has been reduced.88 So, the reduction of 

vacancy defects and the absence of ion migration leads to the efficient and stabilized perovskite single-

crystal electronic devices. 

5.3 Temperature 

The operating temperature is crucial for perovskite device performance. In perovskites, thermally 

induced phase transitions are commonly observed. The optical and charge transport properties of 

perovskites are phase-dependent and hence the application of perovskite in the devices is challenging. 

Generally, at the grain boundaries decomposition occurs at low temperatures but elevated at higher 

temperatures because of the contaminants that are stored in the grain boundaries. It was recently reported 

that FAPbI3 single crystal and wafer are able to withstand higher temperatures compared to polycrystalline  

thin films counterparts.37, 89Although these single-crystals show good photoelectric properties, they have 
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poorer thermal stability compared to completely inorganic perovskites82 due to the presence of volatile 

organic moieties. Therefore, highly thermostable optoelectronic properties are exhibited by the all-

inorganic SCPs. 

6. Surface and Interface in Hybrid Perovskites 

 

Figure 6. a) Charge density distribution for the valence band maximum of the MAPbI3 (001) surface with 

stable vacant and PbI2-rich terminations. b) Charge density distribution for an iodine interstitial (Ii) on flat 

and vacant surfaces, a lead interstitial (Pbi) on flat and vacant surfaces, and an iodine vacancy (VI) on a 

vacant surface. (Reprinted with permission from refs. 90-91 copyrights 2014, 2017 American Chemical 

Society). 

In perovskite-based optoelectronic devices, although bulk electronic and optical properties of 

perovskites are a prerequisite for good photovoltaic performance, surface termination and passivation are 

also crucial for achieving efficient carrier transport and charge extraction. Haruyama et al. studied the 

structural stability and electronic states of the tetragonal-phase MAPbI3 (110), (001), (100), and (101) 

surfaces with different terminations using DFT calculations at the GGA/PBE level of theory (Fig. 6a).90 

They found that both vacant and flat terminations can appear on the probable MAPbI3 (110) and (001) 
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surfaces, and these two stable surfaces with vacant and PbI2-rich terminations can maintain the electronic 

features of bulk MAPbI3, leading to the long carrier lifetime observed in PSCs. Moreover, they found that 

the shallow surface states on the MAPbI3 (110) and (001) surfaces can become efficient intermediates for 

hole transfer. Later, Uratani et al. investigated the structural and electronic properties of various 

terminations (i.e., MAI, flat and vacant) of the tetragonal-phase MAPbI3 surfaces under different growth 

conditions using DFT calculations (Fig. 6b).91 They found that i) under I-rich conditions, the extra I atoms 

on flat and vacant surfaces can act as carrier trapping centers; ii) under Pb-rich conditions, I͞ vacancies on 

vacant surfaces and excessive Pb atoms on both flat and vacant surfaces become carrier traps, under Pb-

rich conditions, the formation of carrier trapping surface defects is thermodynamically less favorable than 

under I͞  rich conditions; and iii) under moderate conditions, no surface defects easily form due to their 

high formation energy. Based on these findings, they suggested that reducing the surface carrier trapping 

centers can improve the carrier lifetime and avoid hysteresis. 

The surface properties of perovskite materials affect the electronic processes at the interfaces when they 

are combined with other charge-transporting semiconductors in optoelectronic devices. Precisely, the 

electronic band edge energies and their matching with hole/electron-transporting materials should be 

adjusted to promote efficient charge injection/extraction. Density functional theory (DFT) and molecular 

dynamics (MD) simulations have been applied to study the interfacial energy alignment and charge 

transfer properties at perovskite/organic interfaces. Mosconi et al. studied the effect of surface chlorine 

atoms on the morphology and electronic structure of perovskite (110) and (001) surfaces at the interface 

with anatase TiO2 using DFT calculations (Fig. 7a-b).92 They found that i) both MAPbI3 and MAPbI3−xClx 

(110) surfaces tend to grow on TiO2 with higher stability than (100) surfaces due to the better structural 

matching between the surface I/Cl atoms of the perovskites and Ti atoms of TiO2; ii) interfacial Cl atoms 

can increase the binding energy of the MAPbI3-xClx (110) surface to TiO2 compared to the case of 

MAPbI3, contributing to enhanced temporal stability of the solar cell devices; and iii) the interaction of 
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the MAPbI3−xClx perovskite with TiO2 modifies the interface electronic structure, leading to a stronger 

interfacial coupling between the d-band of Ti atoms and p-band of Pb atoms, thus favoring efficient 

electron injection. The theoretical results by Yin et al. showed that both hole interfacial transfer and 

electron interfacial transfer depend strongly on the MAPbI3 surface orientation: the nonpolar MAPbI3 

(001) and (110) surfaces tend to favor hole injection into Spiro-OMeTAD and the polar MAPbI3 (100) 

surface tends to facilitate electron transfer to PCBM due to the largely delocalized surface states and 

orbital coupling (Fig. 7c).

Figure 7. a) Interfacial structure and charge displacement of a TiO2/perovskite interface. b) Optimized 

structures of the MAPbI3 (001) and (110) surfaces on amorphous alumina. c) The density of states and 

charge density of a Spiro-OMeTAD molecule on the MAPbI3 (001) surface and a PCBM molecule on the 

MAPbI3 (100) surface. d) The density of states, electronic levels and electronic density of MAI-terminated 

MAPbI3/C60. e) Interfacial structures and band structures of PbI2- and MAI-terminated MAPbI3 (001) and 

TiO2. (Reprinted with permission from refs. 92-96 copyrights 2014, 2015, 2017, 2018 American Chemical 

Society, 2017 The Royal Society of Chemistry). 
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Claudio et al. reported a DFT study of the energetics and electronic properties of MAPbI3 surfaces and 

clarified the dependence of the valence band and conduction band energies on both the MA cation 

orientations and surface terminations (i.e., PbI2 and MAI terminations, as given in Fig. 7d).95 They 

demonstrated that MAPbI3 with exposed MAI-rich layers is more thermodynamically stable than PbI2-

terminated surfaces and features a more favorable energy level alignment for electron extraction using 

fullerene electron-transporting materials. Recently, Myung et al. studied two inorganic/organic perovskite 

solar cell interfaces, Gr/CsPbI3 and TiO2/MAPbI3 (Fig. 7e).96 They showed that a PbI2/MAI-terminated 

perovskite interfaced with graphene or TiO2 exhibits sizable/robust Rashba-Dresselhaus (RD) effects 

using DFT and ab initio molecular dynamics (AIMD) simulations. They also suggested that robust RD 

effects at the interface, even at high temperatures, can change the direct-type band to an indirect-type band 

to suppress the recombination of electrons and holes, which makes the accumulated carriers overcome 

the potential barrier between the single crystal perovskite and charge-transfer materials. 

Therefore, the DFT calculations on the interfacial structures suggest that controlling perovskite 

crystallization and surface orientation should be considered in designing the active layer formed by the 

perovskite single crystals and other charge transporting materials. Based on this, we propose that the 

surface terminations of perovskite single crystals with different functional organic groups could provide 

additional routes to optimize the photovoltaic performance of perovskite single crystal-based solar cells. 

From experimental point of view, more efforts are demanded in achieving the perovskite single crystals 

with sole crystal orientation by using solution-processed crystal growing method; and from theoretical 

point of view, the modified interfacial crystal models and advanced DFT methods (e.g., the combination 

of spin-orbit coupling and hybrid functionals) are needed to understand the charge transfer processes 

between perovskite single crystal and other novel charge transporting materials.  

7. Charge Carrier Dynamics of Perovskite Single-crystals 
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It is crucial to consider the carrier lifetime of a device before designing it. The recombination of free 

electrons and holes occurs after the material is excited by photons to an excited state.97 There are two 

types of recombination: radiative recombination and nonradiative recombination. In radiative 

recombination, the electron and hole recombine to emit a photon, whereas, in nonradiative recombination, 

photon emission does not occur, as the trap will induce carrier recombination.97 The carrier lifetime can 

be expressed as 

1/τ = 1/τr+ 1/τnr 

Where τ is the carrier lifetime, τr is the radiative lifetime and τnr is the nonradiative lifetime.98  

Figure 8. Different ways to determine the carrier mobility and carrier diffusion length of perovskite 

single-crystals. (a, b) Photoluminescence decay. (Reprinted with permission from ref. 5 copyright 2015 

American Association for the Advancement of Science). (c, d) transient absorption. (Reprinted with 

permission from ref. 4 copyright 2015 Nature Publishing Group). (e, f) Impedance and transient 

photovoltage decay curve ref. 4. (Reprinted with permission from ref. 6 copyright 2015 American 

Association for the Advancement of Science).
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As shown in Fig. 8 (a-e), photo decay, absorption, luminescence transient decay, transient photovoltage, 

and impedance curves have been measured in single-crystalline perovskites.4-5, 36 For a single-crystal, 

fewer trap states exist when it has a long carrier lifetime.99-101 

𝐿𝐷 =  √𝑘𝑇µ𝜏/𝑞 

The above equation indicates that the carrier diffusion length is determined by the carrier lifetime and 

carrier mobility, 78, 101, 50 where k is the Boltzmann constant, T is the absolute temperature, and q is the 

elementary charge. The carrier diffusion length in solar cells was calculated by the Huang et al. as 175 

µm for MAPbI3 single-crystals with the help of impedance and transient photovoltaic measurements under 

1 sun illumination.50 However, acute charge accumulation occurs in typical bulk SCPs unlike thin-film 

SCPs having a thickness in the order of diffusion length of the carriers. 

Table 2. Optoelectronic parameters of single-crystalline perovskites reported in the literature.102 
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Materials 

Bandgap 

or 

Absorption 

Onset 

Mobility 

(cm2V-1s-1) 

Conductan

ce 

(Ω-1cm-1) 

Carrier 
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method 

Carrier 

Concentrati

on 

(cm-3) 

and Type 

(n or p) 

Diffusion 

Length 

( µm) 

Trap 

Density 

(cm-3) 

Ref. 

MAPbBr3 

2.21 eV 

570 nm 

115 (TOF) 

20-60 (Hall) 

38 (SCLC) 

------ 

τs= 41 ns 

τb = 457 ns 

(PL) 

5×109 to 

5×1010 

(p) 

3–17  5.8×109 97 

MAPbI3 

1.51 eV 

821 nm 

2.5 (SCLC) 10-8 

τs= 22 ns 

τb = 1032 ns 

(PL) 

2×1010 2–8 3.3×1010 97 

MAPbBr3 

2.18 eV 

574 nm 

24 (SCLC) ------ 

τs= 28 ns 

τb = 300 ns 

(PL) 

------ 1.3–4.3 3×1010 98 

MAPbI3 

1.51 eV 

820 nm 

67.2 (SCLC) ------ 

τs= 18 ns 

τb = 570 ns 

(PL) 

------ 1.8–10.0 1.4×1010 98 

MAPbI3 850 nm 

164±25 

hole mobility 

(SCLC) 

105 

hole mobility 

(Hall) 

24±6.8 

electron 

mobility 

(SCLC) 

------ 

82±5 µs 

TPV 

95±8 µs 

impedance 

spectroscopy 

(IS) 

9×109 

(p) 

175±25 

 

3.6×1010 

(hole) 

34.5×101

0 

(electron

) 

5 

MAPbI3 

1.53 eV 

784 nm 

34 

Hall 

------  

8.8×1011 

(p) 

------ 

1.8×109 

(hole) 

4.8×1010 

78
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In summary, to achieve an efficient PSCs that reaches the Shockley-Queisser limit, there is a need to 

manifest a clear idea about the factors that explicitly influence the potential of the material to be used for 

fabrication. It is crucial to consider the charge carrier's diffusion length, lifetime and mobility in a material. 

The single-crystal perovskite endows long diffusion length of charge carriers which depends on the film 

morphology and crystallinity. Moreover, the long-range ordered patterned in perovskite single crystal 

lattice unlike polycrystalline thin fim considerably decrease surface defects and charge carrier trapping. 

Since there are no grain boundaries on the other hand, present in the single-crystal unlike extensively 

disordered polycrystalline perovskite, charge recombination loss of these devices will be minimum. 

8. Light Emitting Devices based on Perovskite Single Crystals 

The first single-crystal MAPbBr3 micro platelet-based LED with device configuration ITO/PVK/Au, 

supported a continuous operation for 54 h at ∼5000 cd m–2 without degradation of brightness, by 

quenching the ionic movement at a low temperature.103 By tuning the halide composition in solution-

(electron

) 

MAPbBr3 

2.24 eV 

537 nm 

4.36 

Hall 

------ ------ 

3.87×1012 

(p) 
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2.6×1010 
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1.1×1011 

(electron

) 

78
 

MAPbCl3 

2.97 eV 

402 nm 

179 

Hall 

------ ------ 

5.1×109 

n 

------  
78

 

MAPbCl3 

2.88 eV 

440 nm 

42±9 

(SCLC) 

2.7×10-8 

τs= 83 ns 

τb = 662 ns 

(PL) 

4.0×109 

(p) 

3.0–8.5 3.1×1010 
4
 

FAPbI3 

1.49 eV 

870 nm 

40±5 

hole mobility 

(SCLC) 

1.8×10-8  2.8×109 ------ 

1.34×101

0 

100 
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processed organometal halide perovskites, the LEDs with high-brightness are accomplished.21 Expanding 

on this study, light-emitting electrochemical cells (LECs) are developed using CH3NH3Br3 single crystals, 

are exhibited a stable luminance.104 The LED device based large area (cm-scale) 2D layered Pb-free 

(CH3NH3)2MnCl4 single crystals, exhibited good red-light luminescence properties, with a QE of 2.4% 

upon excitation at 417 nm and are proposed to be used for white light lighting.105 

The random orientations in polycrystalline perovskite films hinder the coherent light emission. To 

overcome the drawback of polycrystalline film, single-crystal perovskite has been introduced in the 

fabrication of electroluminescent devices. Recently, highly stable inorganic single-crystalline perovskite 

nanoplatelets CsPbX3 (X = Cl¯ , Br¯ , I¯ ) synthesized by chemical vapor deposition were demonstrated 

for the tunable high-quality laser covering entire visible regime at the room temperature.106 The 

wavelength-tunable lasing at room-temperature with very low lasing thresholds (220 nJ cm−2) and high-

quality factors (Q∼3,600) was demonstrated from single-crystal lead halide perovskite nanowires.107 In 

the hybrid MHPs, the perovskites with formamidinium have shown superior properties over the methyl 

ammonium ones, for the development of continuous-wave lasers and light-emitting diodes.108 Single 

crystalline nanowires of CsPbBr3 showed the robust and stable lasing emission with no visible degradation 

after at least 8 h or 7.2×109 laser shots under continuous illumination.109  

The CH3NH3PbI3 layers processed via solution-casting in ambient atmosphere onto nano-imprinted 

second-order Bragg gratings initially exhibited highly polarized surface-emitted lasing at room 

temperature with a linewidth of less than 0.2 nm and a laser threshold of 120 kW/cm.2, 110 Later numerous 

groups also have reported striking ultra-stable amplified lasing applications at various temperatures using 

single crystal thin film perovskites.111-112  

9. Photodetector Applications  

Photodetectors are one of the widely known applications of MHPs, which primarily convert light signals 

into electrical signals and have found many potential applications in various fields.113-116 SCP 
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Photodetectors owing to their striking optoelectronic properties have more advantages compared to their 

counterparts, i.e., polycrystalline films, leading to worldwide interest in single-crystal MHP-based 

photodetectors.4, 117-118  

Photodetectors have been divided into various types of devices based on their layer composition, as 

illustrated in Fig. 9, including into two-terminal and three-terminal devices referred to as photodiodes, 

photoconductors, and phototransistors with source, drain and gate electrodes.119-120  

In recent years, perovskites have exhibited exemplary performances as photodetectors.77, 121-122 The 

faster photo responsive photodetectors were fabricated using single-crystalline perovskites grown by 

various methods.44, 123, 117 The MAPbI3 film-based solution-processed photodetector was shown to exhibit 

the broad photoresponse in the range from 310 nm to 780 nm.124-125 Moreover, the MAPbI3 single-crystal 

thin films were also used in the high energy X-ray detectors that could detect X-rays with high sensitivity 

and responsivity.126 Comparative studies were carried out on the scintillation properties of three-

dimensional (3D) MAPbI3 and MAPbBr3 and two-dimensional (2D) (EDBE)PbCl4 low-bandgap 

perovskite single-crystal using the X-ray excited thermoluminescence measurements.127  

These devices can be compared by considering their properties and photo responsive behavior (Table 

3). The two main parameters of photodetectors governing the device performance are the responsivity (R) 

and external quantum efficiency (EQE).47, 128-129 In photodiodes, an absorbed photon generates an 

electron-hole pair with EQE not more than 100%, which requires noninjecting metal-semiconductor 

contacts. Although the responsivity enhancement induced by the introduction of an interface layer (hole- 

or electron-blocking layer) is unclear, this layer can reduce the dark current under reverse bias to obtain 

a high detectivity. Compared to photodiodes and vertical photoconductors, lateral photoconductors have 

a short carrier transit length and a small electrode spacing that together provide a fast response and a low 

driving voltage.  
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Figure 9. Schematic representation of various perovskite-based photodetector architectures. (Redrawn 

from ref. 119 copyright 2017 The Royal Society of Chemistry). 

MAPbI3 single crystal’s (100) facet has been used to fabricate high performing photodetector. In single 

crystals, low trap density attributes to high carrier mobility and long carrier diffusion length, results in 

achieving highly sensitive MAPbI3 photodetectors.35 The halide perovskite single-crystals were shown to 

demonstrate narrowband photodetection with a very narrow spectral response and a full-width at half-

maximum of < 20 nm by modulating the response spectrum in the visible range through changing the 

halide composition in the single crystals.130-131 Furthermore, an efficient visible-blind UV photodetector 

was devised using high quality, suitable bandgap MAPbCl3 single-crystal grown by retrograde solubility 

behavior of hybrid perovskites.117 The first self-powered single-crystal perovskite photodetector, driven 

by a triboelectric nanogenerator (TENG) with a large responsivity of 196 V(mWcm-2)-1 operated without 

an external electric field was fabricated on the (100) facet of a bulk CH3NH3PbI3 perovskite single 

crystal.132 A self-powered broadband photodetector ranging from 375 nm to 808 nm, based on a MAPbI3 

single-crystal with Au-Al asymmetric electrodes showed a responsivity of 0.24 AW-1, at the low incident 

power density of 1 10-8 W cm-2 and a response time of 71 μs under zero bias. The critical issue of metal-

semiconductor contacts, forming the Schottky junction was resolved by setting the channel length to 30 

μm for sufficient electron-hole pair separation and transportation.133 Unlike one component photodetector, 
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a facile two-step approach was used to fabricate a core-shell heterojunction self-powered photodetector 

based on a CH3NH3PbBr3 single-crystal showing the responsivity up to 11.5 mAW-1 under 450 nm 

irradiation at zero bias.134 A self-biased photodetector with an AVC-grown MAPbBr3 single-crystal that 

utilized Pt-Au electrodes to make a Schottky junction showed a photodetectivity of 1.41010 Jones at zero 

bias.118 A geometry‐regulated dynamic‐flow reaction system was used to achieve the thinness‐controlled 

perovskite wafers. The large-sized FAPbI3 and MAPbI3 perovskite single-crystal wafers reported the mass 

production of integrated photodetectors by simple deposition of 300 nm interdigital Au electrodes through 

a vacuum evaporation method.37 

9.1. Photodiodes 

A photodiode is a type of photodetector that has a configuration analogous to solar cell devices. It has 

a p-n junction operated with an applied reverse biased voltage . Single-crystal perovskite photodiodes are 

used in the detection of ultraviolet, visible, and near-infrared X-rays and gamma rays. These photodiodes 

are classified as spectrally broadband or narrowband based on the width of their spectral response 

window.135 The photodetection performance of perovskite photodiodes is discussed based on the spectral 

sensitivity to panchromatic or specific wavelengths.  

Table 3. Comparison of the recently reported single-crystal-based photodetector. 
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1 In/CH(NH2)2PbI

3/In 

Photodiode 

and 380 nm 

12.4 

ms/17.2 

ms 

0.68 AW-1 

@ -0.1 V 

53 

2 Au/CH3NH3PbI3/Al Photoconduc

tor and 808 

nm 

71 

µs/112 

µs 

0.24 AW-1 

@ 0 V 

133 

3 Pt/CH3NH3PbCl3/Ti/Au Photodiode 

and 365 nm 

24 

ms/64 

ms 

0.05 AW-1 

@ -15 V 

117 

4 Au/CH3NH3PbBr3/CH3NH3PbIxBr3-

x/FTO/Glass 

Photodiode 

and 450 nm 

2.3 

s/2.76 

0.01 AW-1 

@ 0 V 

134 

5 ITO/CH3NH3PbBr3 Photoconduc

tor and 800 

nm 

25 

µs/25 

µs 

>4000 AW-1  

@ 5 V 

4 

6 Pt/CH3NH3PbBr3/Au Photodiode 

and white 

light 

70 

µs/150 

µs 

0.1 AW-1  

@ -3 V 

118 

7 Au/CH3NH3PbI3/Au Photoconduc

tor and 780 

nm 

------ 2.53 AW-1 

@ 5 V 

136 

8 Au/CH3NH3PbBr3/Au Photoconduc

tor and 532 

nm 

74 

µs/58 

µs 

953 AW-1 

@ 1 V 

35 

9 Au/CH3NH3PbBr3/Ga/Glass Photodiode 1.6 ms ------ 130 

10 CsPbBr3 Photodiode 

and 550 nm 

------ 6 AW-1 

@ -10 V 

44 
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11 ITO/CH3NH3PbCl3 Photoconduc

tor and 385 

nm 

---/1 ms 18 AW-1 

@ -5 V 

137 

12 Al/CsPbBr3/Au Photoconduc

tor and 450 

nm 

0.25 

ms/0.45 

ms 

0.028 AW-1 @ 5 V 138 

 

A MHP low-noise photodiode was fabricated with a performance equivalent to that of commercial 

inorganic semiconductor devices.35 Perovskite photodetectors with an excellent capability for weak light-

sensing can potentially replace commercial silicon photodiodes in defense, communication, and imaging 

applications. Sensing from the UV-Vis to NIR is appealing for both scientific and industrial applications. 

Thanks to perovskites, as they can selectively absorb photons only in the UV/Vis/NIR regions due to their 

bandgap tunability. Au nanowire networks with high conductivity and stability were patterned as 

transparent electrodes in flexible CH3NH3PbI3 photodiodes, they perform comparable to ITO transparent 

electrode based devices.139 Similarly, exploiting the optoelectronic properties of MAPbCl3 crystal, UV-

photodetector was fabricated. This MAPbCl3 single crystal-based UV-photodetector screened high ON-

OFF ratio and detectivity.117 The device architecture is shown in Fig. 10a .The band energy diagram of 

the device is illustrated in Fig. 10b. The current-voltage characteristics were measured in the dark and 

under illumination, as shown in Fig. 10c. The ON and OFF photo responsive cycles were measured at 15 

V, as shown in Fig. 10d. 

 9.2. Photoconductors 

Photoconductors based on perovskites with vertical or lateral device architectures can exhibit a high 

responsivity. Generally, difference between photoconductors and photovoltaic detectors is: 

photoconductive detectors use the increase in electrical conductivity resulting from increases in the 

number of free carriers generated when photons are absorbed (generation of current), whereas 
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photovoltaic current is generated as a result of the absorption of photons of a voltage difference across a 

p-n junction (generation of voltage). In general, photoconductive detectors have a higher frequency 

response; however they also have a higher signal to noise ratio. Hence, it is recommended using 

photoconductive detectors if a high-powered laser is used. The term photoconductive gain corresponds to 

the ratio between the charge recombination time (tr) and the charge transit time (tt). The high sensitivity 

of photodetectors due to a high gain can provide promising applications in high-speed optical 

communication and high-resolution imaging.140 Regarding the vertical-structure photoconductors, a small 

electrode spacing, and a high gain can be obtained at a low working voltage, which is associated with the 

high charge carrier mobility of perovskites. Recently, perovskite film devices with the vertical structure 

were fabricated, which exhibited a high responsivity of 4200 AW-1 at low bias.5, 141-142 Regarding the 

lateral structure devices using high-quality perovskite films with a large electrode spacing, a relatively 

high working voltage is required to maintain a high gain.124, 143-151 Single-crystal perovskite-based 

photoconductors with low trap density showed ultrahigh responsivities exceeding 103 AW-1.4, 35, 152  

The critical components for forming a Schottky junction with asymmetric electrodes are illustrated in 

Fig. 11a.133 The device was fabricated through the deposition of Au and Al on the surface of the perovskite 

single-crystal. The suitable metals Al and Au were chosen to form high- and low-energy barriers, 

respectively, as shown in Fig. 11b.133 The photo responsive ON and OFF characteristics of the device 

under various laser illuminations (Fig. 11 c, d) showed no response for light illumination beyond 830 nm, 

as the band edge of perovskite is at 830 nm. Therefore, the minimal photon energy that can be absorbed 

is at 830 nm and hence the spectral response of the device under the identical conditions exhibited 

different photo responsive efficiencies at different incident light wavelengths.133
 

A large area photodetector was fabricated using a crystalline film made of large single- crystals. 

Because of the comparable diffusion length and mobility of the single-crystal,it exhibited high 
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gain and high gain-bandwidth product.4 Similarly, a transparent visible-blind UV photodetector was 

fabricated using substrate‐integrated CH3NH3PbCl3 based single-crystals.137  

Phototransistors have a three-terminal configuration similar to that off field-effect transistors. For 

phototransistors, the channel conductance is controlled by the implementation of light absorption. 

Phototransistors based on perovskite materials show superior carrier transport properties with ambipolar 

characteristics. The performance can be improved through hybridization with 2D layered materials. The 

phototransistors exhibited an ultrafast photoresponse speed of less than 10 ms. Orientationally pure 

crystalline CH3NH3PbI3 film with a periodic microarray was produced using a thermal-gradient-assisted 

directional crystallization method.15 The phototransistors based on the films with different crystal 

orientations and a low trap density exhibited significant charge transport anisotropy, providing conclusive 

information for the material optimization of the crystalline morphology and the future development of 

novel optoelectronic devices.15 
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Figure 10. a) Device architecture of a MAPbCl3 single-crystal-based photodetector. b) Energy band 

diagram. c) Current-voltage (I-V) curves of the photodetector under illumination with solar-blind UV light 

(λ = 365 nm) and under dark conditions. d) ON-OFF photoresponse at a bias voltage of 15 V under 

modulated UV illumination. (Reprinted with permission from ref. 117 copyright 2015 American Chemical 

Society). 

 

Figure 11. Structure of a self-powered photodetector. a) Schematic illustration of Au-Al electrodes 

separated by 30 μm on a MAPbI3 single-crystal. b) Schematic illustration of the working mechanism of a 

Schottky junction based on asymmetric electrodes. c) Photo response characteristics, i.e., photocurrent 

signals, for different incident light wavelengths. d) Photo responsive ON and OFF cycle under 1.8 mW 

cm−2 light illumination under 532 nm at a bias of 0 V. (Reprinted from ref. 149, copyright 2016 The Royal 

Society of Chemistry). 
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Perovskite photodetectors do face many challenges that perovskite solar cells face to get 

commercialized; those challenges are related to stability, high responsivity, good external quantum yield, 

and toxicity. They have to compete with the technologies which are already established. Till date the best 

figure-of-merit parameters achieved by perovskite photodetectors are high responsivity more than 104 A 

W−1, 153-154 short response time of <1 ns155-156 detectivity nearly equal to 1014 Jones,7, 157 large linear 

dynamic range of >150 dB154, 158 and small NEP of <50 fW Hz−1/2,156, 159 showed their outstanding 

potential compared to commercial silicon-based. The long term stability of the perovskite is the main 

issue when compared to highly stable inorganic semiconductors. Many research groups are working on 

morphology manipulation of perovskite,160 interfacial engineering using buffer layers,161 passivations of 

surface defects159 and different device architectures,162 to amplify the operating stability and responsivity 

of the photodetectors. The present status of the developed perovskite detectors is poor towards NIR light. 

To enhance the absorption in NIR region, PbS QDs or narrow bandgap conjugated polymers were 

incorporated in the perovskites.163 It was observed that responsivity and detectivity for red light have 

improved by incorporating AuNRs into the polymer photodetectors.164 In a similar way by taking it as a 

testimonial through achieving the aspect ratios of AuNRs, to obtain the plasmon resonant wavelength 

located in the NIR region, we anticipate to achieve high performing photodetectors with amplified NIR 

responsivity. 

10. Single-crystalline Thin Film Solar Cells 

The first single-crystalline PSC with configuration ITO/PEDOT: PSS/single-crystalline perovskite 

/PCBM/ZnO/Al showed a power conversion efficiency of 1.73%.46 The MHPs with their wide absorption 

range, high carrier mobility, long carrier diffusion length, and high quantum efficiency have spurred 

photovoltaic applications.77, 121-122, 165-168 The performance of perovskite photodiodes has been enhanced 

by introducing ion-doped hole-transporting materials (HTMs) that improved the morphology and the 

energy level matching between the different layers.169-176 Although high-performance devices have been 
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achieved with polycrystalline thin-film perovskites, the SCPs can surpass their polycrystalline 

counterparts due to their excellent optoelectronic properties. The hole mobility and diffusion length of 

SCPs were reported 164±25 cm2V-1S-1 and 175±25 μm, respectively.6 The detailed optoelectronic 

parameters such as carrier mobilities, conductivity, diffusion lengths, lifetimes etc., of single‐crystalline 

perovskites are reported elsewhere.97 

The optical absorption is paramount to the photovoltaic performance. A powerful tool to engineer the 

band structure in an ABX3 perovskite is element substitution, which impacts the optical properties. 

Achieving high output from perovskite solar cells is possible by controlling the carrier dynamics and the 

choice of charge transport materials.177 The necessary condition to obtain the maximum output from a 

perovskite photodiode is matching of the electronic energy levels of the perovskite absorbers and the 

adjacent charge transport materials, with a minimum energy loss and reduced carrier recombination.169 

Detailed information about the types of heterostructures that can form in perovskite-based photonic 

devices has been described elsewhere.178 Briefly, this process is illustrated in Fig. 12. As shown in Fig. 

12 (type 1), a staggered gap heterointerface is formed.  
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Figure 12. Schematic representation of band energy level alignments at the perovskites/HTMs interfaces. 

a) Type I: staggered-gap type heterointerface; perovskite in contact with an HTMs of a high-lying HOMO 

level. b) Type II: straddling-gap type heterointerface possible between perovskite and HTMs of a small 

energy gap. c) Type III: reverse staggered-gap type heterointerface possible between perovskites and 

HTMs of a deep-lying HOMO level. d) Type IV: reverse straddling-gap type heterointerface possible 

between perovskite and HTMs of a large energy gap. (Redrawn from ref. 178 copyright 2015 Wiley). 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of 

HTMs are proportional to the valence band maximum (VBM) and conduction band minimum (CBM) 

respectively, which would lead to a lack of a barrier for hole extraction and blocking of electron extraction. 

Considering the type II alignment in Fig. 12, we can determine that there is electron-hole recombination 

loss in the HTMs due to the lack of an electron barrier.179 Considering the case of type III alignment in 

Fig. 12, due the deep-lying HOMO of the HTMs, extraction of holes from the perovskite VBM to the 

HTMs HOMO energy level ensues, and recombination between the holes and electrons of the VBM and 
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HTMs LUMO, respectively, may occur.179 It is clear from the type IV alignment diagram (Fig. 12) that 

when an HTMs comes in contact with a reverse straddling-gap heterointerface, the heterointerface is not 

suitable for charge separation due to the wide energy gap.  

 

Figure 13. a) Schematic illustration of pattering the single-crystal perovskite thin films. a) The standard 

procedure followed in the GC-LCG with a rolling mold. b) Rapid solvent evaporation happening at the 

open end of the channel, and c) Geometrical confinement of the crystal growth along the channels of the 

mold. d) Crystal structure of the single-crystalline CH3NH3PbI3 films (red sphere: Pb2+, yellow sphere: 

CH3NH3
+, violet sphere: I¯ ). e) I–V characteristics obtained from a 200-nm-thick single-crystal perovskite 

patterned thin film. The inset shows a schematic device used for SCLC measurements. f) Current-voltage 

(I–V) characteristics obtained from a 200-nm-thick spin-coated polycrystalline perovskite thin film. g) J–

V curves obtained from the single-crystalline (red) and polycrystalline (black) perovskite thin-film lateral 
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solar cells. The inset shows a schematic device used to perform the measurements. (Redrawn and reprinted 

from ref. 58 copyright 2017 Nature Publishing Group). 

Highly efficient PSCs have been built with polycrystalline perovskite absorbers based on various device 

strategies.58, 173, 180-185 The severe instabilities and the long-term stability issues arising due to the structural 

defects, especially dislocations and grain boundaries, impede the viable commercialization of the 

aforementioned devices.58 Therefore, research is focused on employing single-crystalline films of these 

materials. Due to the larger grains and lower grain boundary density, perovskite monocrystalline thin 

films resemble SCPs in terms of their optoelectronic properties.54-55, 180 Recent report has manifested a 

direct dependence of the grain size on the temperature during the preparation of high-quality single-

crystals using the hot-casting technique.22, 186-187 Expanding on the above method, a novel one-step 

printing method has been developed to fabricate single-crystal CH3NH3PbI3 perovskite thin films on a 

wafer-scale substrate.58 Briefly, in this method, a perovskite ink solution is transferred to a heated 

substrate through a channel-patterned rolling mould to induce lateral crystal growth and instant 

crystallization that results in the formation of highly aligned patterned thin films of SCPs.58 Such an 

approach is based on the geometrically confined lateral crystal growth (GC-LCG) method.58 The 

fabrication of patterned thin films of a single-crystal perovskite is illustrated in Fig. 13, where a poly 

(dimethylsiloxane) mould is wrapped around a cylindrical metal roller mounted with an ink supplier filled 

with the CH3NH3PbI3 perovskite precursor solution and is put into contact with a preheated SiO2 substrate 

at 180 ºC (Fig. 13a). The solvent evaporates due to the hot substrate, resulting in perovskite ink solution 

crystallization at the open end of the channels (Fig. 13b). The crystal growth from the perovskite ink 

solution in the GC-LCG method utilizing a rolling mould is depicted in Fig. 13c.58 By employing the GC-

LCG process, a single-crystal CH3NH3PbI3 perovskite thin film with a tetragonal crystal structure was 

successfully grown (Fig. 13d). An advantage of such a method is the ability to control the direction of the 

crystal growth due to the instant crystallization and geometrical confinement that can be implemented in 
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the roll-printing process. A gap-type device was fabricated using 200-nm-thick single-crystal 

CH3NH3PbI3 along with to 100 mm-gap Au electrodes for the SCLC measurements of the thin film 

semiconductor, as illustrated in Fig. 13e.188-189 The single-crystalline thin film is optimal for improving 

the performance of optoelectronic devices owing to its high carrier mobility. Hole mobility of 45.64 cm2V-

1s-1 was reported for the single-crystal perovskite film, which is comparable to the values previously 

reported for bulk SCPs.5-6, 58, 190 The SCLC regime was also observed for the polycrystalline perovskite 

thin film, with mobility of 0.2512 cm2V-1s-1, as illustrated in Fig. 13f. A perovskite solar cell fabricated 

with a lateral configuration (Fig. 13g) was subjected to an external potential field to induce ion migration 

within the perovskite layer. Single-crystal devices demonstrated a PCE of 4.83%, a short-circuit current 

density (Jsc) of 18.33 mA cm-2, an open-circuit voltage (Voc) of 0.801 V and a fill factor (FF) of 0.329 

(Fig. 13g). From 100 solar cell devices with a narrow distribution of efficiencies, an average efficiency 

of 4.14% was recorded, compared to the maximum efficiency of 0.194 % with a Jsc of 0.974 mAcm-2, a 

VOC of 0.803 V and an FF of 0.248 reported for the lateral perovskite solar cell using a polycrystalline 

perovskite film shown in Fig. 13g (dark line).58 
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Figure 14. a-d) Schematic illustrations of the monocrystalline films by CTAC process on a microscopic 

scale. c) Cavitation induced by an ultrasonic pulse in the perovskite solution. b-d) The cavitation triggered 

bubble collapsing in the neighborhood of a substrate is asymmetric and results in a high-speed jet towards 

the substrate, which is the origin of initial stage preferential lateral crystallization. e, f) J-V characteristics 

of FTO/TiO2 based monocrystalline solar cells. (Redrawn from ref. 191 copyright 2016 Wiley). g) 

Schematic band energy level alignment. h) Schematic of the band alignment energy levels. (i, j) J–V 

characteristics and solar cell parameter variation as a function of temperature respectively. (Redrawn from 

ref. 192-193 copyright 2016 American Chemical Society). 

Recently, a new versatile technique was developed to synthesize hybrid perovskite monocrystalline 

films on substrates by exploiting the propensity of perovskites to crystallize in solution.191 Such a new 

growth method for crystallization was designed based on a CTAC strategy that promotes heterogeneous 



43 | P a g e  

 

nucleation by contributing enough energy to overcome the nucleation barrier.191 Briefly, when the solution 

attains a low supersaturation level through the use of the antisolvent vapor diffusion technique, upon the 

introduction of a very short ultrasonic pulse, monocrystalline films of MAPbBr3 are grown onto different 

substrates within several hours of the ultrasonic pulse application. The cavitation process is supported by 

the release of transient ultrahigh energy and is expected to induce nucleation by overcoming the nucleation 

barrier through rapid local cooling.194 The micro-jetting observed upon the collapse of cavities is 

asymmetric near a solid surface, and high-speed fluid jets are produced towards the surface.195 Fig.14(a-

d) illustrates the CTAC process. It has also been established that when an ultrasonic pulse is introduced 

at high supersaturation levels, cavitation triggers excessive nucleation events.191 The film thickness can 

be limited within the range of the carrier diffusion length by monitoring the rate and time of crystal 

nucleation and growth.5 Monocrystalline thin-film solar cells grown by the CTAC route191 showed a large 

Schottky barrier at the ITO/perovskite junction based on the estimation of the work function of 

approximately 4.6 eV for ITO (Fig. 14e). The built-in potential of approximately 1.2 V, as observed in 

the Mott-Schottky plot, fairly matched the Voc of the device. Most of the devices showed a PCE of 5.00% 

±0.2%, without the use of any hole or electron transport layers (Fig. 14f). 

Further investigations on enhancing the performance of monocrystalline film-based devices were 

focused on the FTO/TiO2/MAPbBr3/Au device configuration, where the TiO2 film acts as an electron 

transporting layer (ETL). The TiO2/MAPbBr3 interface formed a p-n junction as substantiated by the clear 

current rectification in the J-V curve of the cell. The PCE was enhanced to 6.53%, with a VOC of 1.36 V, 

a Jsc of 6.96 mAcm-2, and a fill factor of 0.69 (Fig. 14g). 191 It has also been reported that MAPbBr3 solar 

cells without an HTL have the highest VOC.79, 196 The device without the ETL layer showed hysteresis 

compared to the device with the ETL layer, which can be explained based on various theories related to 

the origin of hysteresis in PSCs.197-200 The TiO2 interlayer could have reduced the traps in the perovskite 
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bottom surface, resulting in less hysteresis, which was further corroborated by the faster stabilization of 

the transient photocurrent. 

The substantial effect of temperature on the performance of SCPs and their optoelectronic properties, 

such as charge separation and charge recombination dynamics were investigated. 192 Interestingly, 

excitation properties were obtained at 65 °C, attributed to the relaxed crystal structure. Devices exhibited 

high PCE, Jsc and Voc at 65 °C (Fig. 14i) due to the low transport resistance coupled with the high 

recombination resistance and high carrier mobilities, further validating the claim for better performance 

at 60 ± 5 °C. Importantly, it was observed that the energy barrier for the perovskite HOMO was reduced 

at 65 °C, and hence, the Au electrode could provide efficient hole collection (Fig. 14h) Therefore, such 

study in single-crystal-based devices is believed to unveil the exact mechanisms to realizing the ideal 

device operation. The effect of surface restructuring in humid conditions, which is crucial to 

understanding the interfaces in solar cells was examined to identify the critical variables governing the 

performance of single-crystal devices and thereby fabricate high-surface-quality single-crystals. In a 

typical study, the devices built with pristine single-crystal surfaces showed a gradual decrease in PCE 

(from 4.24% on the first day to 3.52% on the tenth day) with time due to the slow surface modulation in 

the open air (Fig. 14i). A comprehensive investigation was carried out to examine the uncharacteristic 

behavior of the device in ambient air. Surprisingly, upon cleaving the single-crystal in ultrahigh vacuum 

(UHV), the pristine surface of the single-crystal exhibited different optical, morphological and electrical 

properties compared with an aged crystal. The single-crystal was found to become strained in the humid 

ambient (RH  55%) due to the formation of perovskite hydrate on the surfaces of the single-crystal, 

which eventually led to the release of the strain via the formation of grain boundaries, as probed by 

scanning tunneling microscopy. Their study has opened up new avenues of scientific inquiry for 

engineering the surfaces of SCPs that are consequential to augmenting the anticipated stability and 

improving the photovoltaic and optoelectronic devices. 
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A high-quality single-crystalline perovskite, CH3NH3PbI3, self-grown on an FTO/TiO2 substrate was 

reported (Fig. 15a).39, 84 Morphological investigations with atomic force microscopy (AFM) demonstrated 

that the topography of the device exhibited a smooth surface with a root mean square roughness of 

approximately 3.36 nm (Fig. 15b).84, 201 Cross-sectional images (SEM images) of the n-ip-type solar cell 

device with the FTO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Ag configuration indicated tight packing 

between the CH3NH3PbI3 and FTO/TiO2 integrated interfaces (Fig. 15c).33  

To understand the growth mechanism of CH3NH3PbI3 single-crystals, X-ray diffraction studies were 

performed over a large area (micron scale). The selected profiles of the two measured reflections are 

presented in psuedocubic setting (as illustrated in Fig. 15d, e). The 002 C-type reflections observed 

suggested that the vertical growth of CH3NH3PbI3 along the [001] C reflection is dominant rather than 

low-symmetry structure twinning.  

The HRTEM image (Fig. 15f) shows the well-ordered crystalline lattice of the single-crystal, and the 

fast Fourier transform (FFT) pattern corresponds to a tetragonal phase with viewing direction along the 

[2 1 0] zone axis (Fig. 15g). The single-crystalline characteristic of CH3NH3PbI3 on FTO/TiO2 is further 

confirmed by the high-resolution TEM image (Fig. 15f) and selected area electron diffraction (SAED) 

pattern (Fig. 15g). With the help of TRPL, the exciton diffusion was studied by comparing the carrier 

lifetimes in polycrystalline CH3NH3PbI3 on FTO and single-crystalline CH3NH3PbI3 on FTO as well as 

on FTO/TiO2 monitored at the wavelength of 400 nm (Fig. 15h).33 
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Figure 15. Schematic showing self-grown single-crystalline CH3NH3PbI3 film via a temperature gradient 

and the capillary effect. b) Topographical mapping of as grown perovskite films. c) Cross-sectional SEM 

micrograph glass/FTO/TiO2/Perovskite/ Spiro-OMeTAD/Ag solar cell device. d), e) Selected profiles of 

the reflections presented in pseudocubic setting, measured from CH3NH3PbI3 on an FTO/TiO2 substrate. 

f), g) HRTEM micrograph of single-crystalline CH3NH3PbI3 and corresponding FFT pattern showing the 

well-ordered crystalline lattice. h) TRPL of single-crystalline and polycrystalline CH3NH3PbI3 on various 

substrates i) J–V curves of the champion glass/FTO/TiO2/Perovskite/ Spiro-OMeTAD/Ag solar cell 

device. (Reprinted from ref.120 copyright 2017 Elsevier).  
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Table 4. Comparison of single-crystal-based solar cells

S. 

No 

Device Configuration Thickness 

(µm) 

JSC  

(mA cm-2) 

VOC 

(V) 

FF 

(%) 

PCE 

(%) 

Ref. 

1. FTO/PVK/Au 16 7.77 0.65 0.39 1.98 202 

2. FTO/TiO2/PVK/Au 16 8.35 0.91 0.53 4.08  202 

3. FTO/TiO2/PVK/HTM/Au 16 8.77 1.31 0.62 7.11 202 

4. FTO/TiO2/CH3NH3PbI3/Spiro-OMe 

TAD/ Ag 

------- 22.283 0.668 0.59 8.78 84 

5. ITO/MAPbBr3/Au 1 7.39 1.25 0.59 5.49 31 

6. FTO/TiO2/MAPbBr3/Au 1 6.96 1.36 0.69 6.53 31 

7. Au/SiO2/MAPbI3/Au 33 18.33 0.801 0.329 4.83 203 

8. Au/SiO2/MAPbI3/PCBM/Ag ------- 0.974 0.803 0.248 0.194 203 

 

From the TRPL measurements, it was observed that the average carrier lifetime of 206.2 ns for the 

single-crystalline perovskite is 25.5 times longer than that for its polycrystalline counterpart (8.1 ns), 

which is attributed to the exciton lifetime in the polycrystalline form being deteriorated by grain 

boundaries and defects, which contribute to increased electron transport resistance and bimolecular 

recombination. Conversely, for the FTO/TiO2 case, the carrier lifetime (11.2 ns) for the single-crystal is 

considerably reduced due to the efficient carrier extraction at the TiO2/perovskite interface.  

The devices fabricated with n-i-p-type PSCs (Fig. 15i) with the FTO/TiO2/CH3NH3PbI3/Spiro-

OMeTAD/Ag configuration were characterized in the forward and reverse scan directions. Under the 

reverse-bias scan, these PSCs exhibited an open-circuit voltage (Voc) of 0.668 V, a Jsc of 22.283 mA/cm2, 

and an FF of 0.590, thus yielding a PCE of 8.78%, whereas under the forward scan, they showed a Voc of 

0.649 V, a Jsc of 22.143 mA/cm2, and an FF of 0.572, resulting in a slightly smaller efficiency of 8.22%.
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The slight decrease in the efficiency is attributed to the thin film coverage issue, and hence, the single-

crystalline PSCs are expected to improve with full coverage such that they rival their polycrystalline 

counterparts. In summary, a narrower bandgap, a higher exciton concentration with less recombination, 

and highly efficient electron extraction are crucial factors for highly efficient single-crystalline PSCs.  

 

Figure 16. a) Cross-sectional image of the solar cell device, b) Schematic band alignment c) J-V solar 

cell characteristics. d) (EQE) and integrated JSC of the champion device respectively. (Reprinted with 

permission from ref. 204 copyright 2019 American Chemical Society). 

There are two approaches to realizing these factors: i) utilizing a p-i-n architecture with the device 

configuration of ITO/PEDOT:PSS/perovskite/PCBM (spray)/silver paste or/Al and (ii) using polymer 

bezel in an n-i-p architecture of FTO/PCBM/perovskite/Spiro-OMeTAD/Au or silver 

paste/PCBM/perovskite/Spiro-OMeTAD/Au, which is a substrate-free architecture.102  
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The below-bandgap absorption is found to narrow down the effective optical bandgap in perovskite 

single crystals when employed in devices exhibited a high PCE of 17.8%.205 In augmentation, recently a 

record efficiency of 21.09% and FFs of up to 84.3% was accomplished using ∼20 μm thick MAPbI3 

single-crystal absorber layer in an inverted p-i-n architecture. The device architecture, energy landscape, 

current-voltage characteristics, corresponding external quantum efficiency (EQE) and integrated JSC of 

the champion device are shown in Fig.16 (a-d) respectively.204 

 

11. Chemistry on the surface of the crystal  

 

Figure 17. a) Preferred crystal geometry of single-crystal MAPbI3 represented by color coding and the 

turquoise arrow pointing in the preferred growth direction parallel to the <110> lattice vectors as 

indicated. b) Polyhedral MAPbI3 and cuboidal MAPbBr3 (MAPB) single-crystals. c) Optical microscopic 
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images of an untreated MAPbBr3 crystal (top row), a cleaved MAPbBr3 crystal (middle) and a sandpaper 

ground MAPbI3 crystal (bottom) at different magnifications. (Reprinted with permission from ref. 102 

copyright 2018 Nature Publishing Group).  

 

The as-grown crystals of MAPbBr3 exhibit a cuboidal shape, whereas MAPbI3 crystals exhibit a 

polyhedral shape, and the preferential growth direction for tetragonal MAPbI3 is along the <110> 

crystallographic direction, as shown in Fig. 17a. In Fig. 17b, single-crystals of both MAPbI3 and MAPbBr3 

are presented. The optical microscopy images presented in Fig. 17c are of an aged MAPbBr3 crystal at 

different magnifications. It has also been documented that there is an increase in the crystal surface 

roughness when dipping the crystals into the solvent from which they were synthesized.102 With the help 

of nitrogen gas drying of crystals, recrystallization occurs through the dissolution of material on the 

surface of the crystal, which leads to the surface treatment called cleaving, represented in the middle row 

of Fig. 17. Based on the surface treatments, the MAPbI3 crystals are expected to be more brittle than 

MAPbBr3 crystals. 102  

The density of surface traps plays a crucial role in the degradation of device performance. Surface 

recombination leads to the loss of carriers and frequently plays the primary role in determining the 

optoelectronic properties of semiconductors; in addition, the interface materials also play a significant 

role in the function of the device. To approach the thermodynamic efficiency limits of solar cells and 

other optoelectronic devices, a low surface recombination rate is vital. Hence, restraining the 

recombination of the carriers at the surface of perovskite crystals is crucial for designing devices. The 

interaction of MHPs with the environment has a significant impact on the morphology, photostability and 

optoelectronic properties of perovskites.206-209 It has already been reported that moisture and possibly 

oxygen molecules can affect the perovskite lattice strain, with a resultant shift in the photoluminescence 

(PL) spectrum.210 The PL results indicated a yield improvement in an oxygen atmosphere, which is 
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associated with the photochemical reaction occurring at the surface of bulk MAPbI3.
208. Furthermore, 

water infiltration into MAPbI3 films can enhance the ionic conductivity.209 Comparing polycrystalline 

thin films and single-crystals, the intrinsic response and optoelectronic properties of devices may be 

limited by the microstructure quality and non-crystalline domains in thin films, whereas this issue is 

overcome in single-crystals, making them the ideal platform to investigate the intrinsic material properties 

as well as surface recombination. The single (1p) and two-photon (2p) excitation in the MAPbBr3 single-

crystals demonstrated an unusually low surface recombination velocity of 4 cm/s attributing to the 

physisorption of O2 and H2O molecules.  

 

Figure 18. a) Schematic device architecture, (b, c) cross-sectional view and top view of the planar single-

crystal device used for I-V measurements. d) Laser-illumination-dependent I-V characteristics. e) Dark I-

V characteristics in air and under vacuum. (Reprinted with permission from ref. 211 copyright 2016 

American Association for the Advancement of Science). f) Schematic showing the aged surface and the 

cleaved pristine surface used for photodetector measurements. g) ON and OFF response cycles of aged 

and pristine surfaces under AM 1.5G illumination. (Reprinted with permission from ref. 212 copyright 

2017 American Chemical Society). 
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The photophysical and charge transport properties of MAPbBr3 single-crystals are ultrasensitive to the 

environment and areare entirely and quantitatively reversible. This can be considered as the basis for 

improving the sensitivity of MAPbBr3-based gas detectors. Fang et al. investigated the charge transfer 

properties of MAPbBr3 devices in both vacuum and air with and without laser illuminations, as illustrated 

in Fig. 18(a-e). Significant change in the photocurrent is observed compared to the dark current. The 

photocurrent is sensitive to the incoming beam light, ambient and the surface trap sites. The trapping sites 

in MAPbBr3 can be deactivated by a photochemical reaction involving oxygen that causes nonreversible 

PL enhancement.213 The PL modulation is fast and reversible in MAPbBr3 single-crystals due to the 

physical processes (reversible physisorption of O2 and H2O), rather than the photochemical reactions and 

hence the MAPbBr3 crystals exhibit high photostability under ambient conditions compared to MAPbI3.
214  

In the advancement of surface studies, the single-crystals were cleaved under ultrahigh vacuum to probe 

into the intrinsic structural and optoelectronic properties for both pristinely cleaved and aged surfaces. 

(Fig. 18f).193 It was conclusively established that surface restructuring on aged surfaces leads to changes 

in the optical properties, composition, bandgap, charge carrier dynamics, photocurrent, and performance 

of photovoltaic devices.  



53 | P a g e  

 

Figure 19. Optical properties of MAPbBr3 single-crystal: a) Normalized PL spectra at various excitation 

wavelengths as indicated. b) Absorption spectra recorded from a MAPbBr3 thin film, aged and pristine 

surfaces of MAPbBr3 single-crystal. Inset showing the Tauc plot and calculated bandgaps. c) Carrier 

lifetimes of MAPbBr3.XRD pattern for the d) aged, e) pristine surfaces and f) thin film. (Reprinted with 

permission from ref. 193 copyright 2016 American Chemical Society). g) PL enhancement and h) Confocal 

scanning micrographs upon passivating the surface with pyridine. (Reprinted with permission from ref. 

212 copyright 2017 American Chemical Society) 

In general, the crystal surfaces are prone to hydration in the open ambient and suffer from surface 

degradation.215 The relative humidity (RH)  55% are shown to affect the crystallization process and 

deteriorate the device performance.216-218 It is important to note that the single-crystals are sensitive to 

exposure to different environments of moist and dry gases.219,193 Interestingly, pristine surfaces are prone 

to hydration and convert into polycrystalline surfaces when placed under ambient conditions over an 

extended period.193 To validate this phenomenon, a simple photodetector was fabricated with the 

Au/MAPbBr3/Au configuration, which showed a higher photocurrent for the pristine surface and a lower 

photocurrent for the aged surface (Fig. 18g).193 These experiments demonstrated that the surface of the 

single-crystal transforms to polycrystalline due to perovskite hydrate formation through the intake of 

H2O.193 

Steady-state absorption and time-resolved photoluminescence studies of single-crystals of MAPbBr3 

upon 1p and 2p excitation further confirmed the different behaviors, in terms of the absorption spectra, 

optical bandgap, and transient absorption, of the aged surface and the pristine surface (Fig. 19 (a-c)).218, 

220, 221 As illustrated in Fig. 19a, the PL peaks of 1p and 2p excitation appeared at 540 and 580 nm, 

respectively. The reabsorption of light occurs due to the large penetration depth, so the peak appears at 

580 nm; however, upon correction using the diffusion length and absorption coefficient, the peak more 

prominently appears at 555 nm (inset of Fig. 19b).36, 222 Herein, the aged surface and the film were having 
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the band gap 2.27 eV and 2.28 eV, respectively, and the pristine surface has 2.22 eV, indicating that the 

aged surface resembles the polycrystalline film.193 Based on these observations on the surface 

transformation of a single-crystal, it is very necessary to optimize the surface quality and stability of the 

perovskite single-crystals for further improvement of optoelectronic and photovoltaic devices.193  

Additionally, to probe the structural abnormalities in these pristine and aged surfaces, X-ray diffraction 

measurements were carried out, showing two characteristic orientations along the (100) and (200) planes 

(Fig. 19(d-f)).193, 223,224 X-ray photoelectron spectroscopy (as shown in the image) revealed excess oxygen 

present on the aged surface of the crystal and completely absent in the case of the pristine surface, further 

confirming that perovskite hydrate is formed on the single-crystal due to water absorption.127 Recently, 

studies have focused on modulating surface traps and recombination velocities by passivating the surface 

of a single-crystal using small molecules. In a typical study, a PL enhancement (Fig. 19g) combined with 

a clear contrast between the confocal laser micrographs (Fig. 19h) of samples with and without the 

addition of pyridine, related to the single-crystal thickness, was observed, suggesting surface passivation 

of single crystals.212 
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Figure 20. a) Steady-state photo responsive ON and OFF cycles obtained under AM 1.5G 1 sun 

illumination. b, c) Photocurrents obtained from the devices (shown in the insets) at various temperatures 

for thick single-crystal and monocrystalline MAPbBr3 thin-film respectively. d) Solar light intensity-

dependent transient photocurrent traces obtained at various temperatures from the device shown in the 

inset. (Reprinted with permission from ref. 166 copyright 2017 American Chemical Society) 

One of the critical challenges impeding the efficient utilization of single-crystal devices is suitable 

operation conditions. The direct correlations between the annealing temperature and the structural, optical, 

electrical and electronic properties, charge carrier dynamics, and device performance of perovskite single-

crystals was recently established.166 As shown in Fig. 20, definite enhancements in the performances of 

both steady-state photodetectors (Au/MAPbBr3/FTO, Au/MAPbBr3/Au) and a transient photoresponse 

photodetector (Au/MAPbBr3/TiO2/FTO) were observed at 60 ± 5 °C. It was also shown that the single-

crystal at 60 ± 5 °C exhibits a relaxed cubic crystal structure. Therefore, after careful investigation of the 
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carrier mobilities, carrier lifetimes, photodetector and solar cell performances, the ideal operational 

window is established as 60 ± 5 °C.  

The single-crystal counterparts of these perovskites grown successfully by various crystal growth 

techniques, depending on the desired dimensions of the single-crystals utilized for multiple applications, 

are discussed in detail. Growing thinner single-crystals (few microns) of larger sizes with orientation 

control to realize practical photodetectors or solar cell applications of perovskites is challenging. Hence, 

innovative strategies are urgently needed for attaining a significantly large area of monocrystalline thin 

films. 

Another consequential challenge is the surface restructuring of perovskites under relatively high 

humidity levels. A severe instability is anticipated when a photodetector is built based on hydrated 

surfaces due to the high resistances arising at the metal/semiconductor interfaces. Due to such surface 

deterioration, a strain is induced in the crystal lattice, which affects the optoelectronic behavior of the 

perovskite. Recently, some preliminary studies have focused on passivating the surface of single-crystals 

using amine-based solvents.225 A recent study showed that reacting the single-crystal surfaces with water-

insoluble lead (II) oxysalt improved the stability of devices and maintained 96.8% of their initial 

efficiency under constant irradiation of 1 Sun for 1200 hr at 65 °C.226 It is also reported that the existence 

triiodide ions can act as hole-trapping centers that can deteriorate the device performance and by carefully 

controlling the crystal growth by reduction treatments can improve the photocurrent by few orders of 

magnitude.227

Conclusions and perspectives 

Undoubtedly the perovskite single crystals have captivated the research interests of perovskite 

community due to their remarkable optical properties and potential optoelectronic applications. 

Herein, this review describes advancements in the growth methods of the single crystal 
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perovskites, chemical stability, ion migration, surface and interface of the PSCs, and the 

applications of the single crystal perovskite in different device fabrications. 

The perovskite with an ideal optimised bandgap can harvest more solar radiation and is 

paramount for efficient device fabrication. Various innovative approaches and strategies are 

recently being developed to enhance the performance and improved thermal, photo-, and structural 

stability of PSCs by utilizing the template-based and solution-processed perovskite films to 

accomplish highest efficiencies of 20.56%.228-229 There are few challenges that need to be 

addressed to achieve high-efficiency single-crystal solar cells: i) confining the vertical thickness 

of the perovskite single crystal in the order of tens of micron-scale to minimize the recombination 

of the charge carriers. The complexity in growing large area films with lateral dimensions up to a 

few tens of square millimeters needs to be addressed. The hydrophobic interface-confined lateral 

growth method, is believed to yield large-area films. Although the space confined methods are 

broadly used in growing the thin single crystalline films, the reproducibility is subject to various 

laboratory growth conditions. Therefore, seeding the substrate subsequent to the solution injection 

can be a viable solution, however efforts are to be directed to passivate the surface nonradiative 

recombination and enhance the carrier collection to push the efficiency towards theoretical limit; 

ii) increasing the carrier concentration in thick perovskite single crystals films through doping, so 

the ohmic loss can be reduced during the charge carrier collection. Albeit the fact that doping can 

tune the bandgap and increase the conductivity of perovskite single crystals, at very high doping 

levels, semiconductor may behave as a metal, so care has to be taken to introduce optimal doping 

of metal ions into perovskite lattice; iii) new device architectures have to be designed such as 

lateral device architecture auxiliary to the material optimization. Attention is needed to minimize 

the lattice mismatch to avoid interfacial losses. Importantly the ideality factor of the photodiode 
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needs to at unity to avoid recombination losses, and iv) special care has to be taken to establish 

effective electronic contacts between the interfaces to minimize the defects and traps.  

The interdependence of structure-property correlations in the single-crystalline perovskite films 

is yet to be established to enrich the high-speed photon detection applications. Researchers should 

focus on improving the preparation to control the orientation, thickness, and high-quality large-

area single-crystalline films. Atomically thin 2D SCPs can also be excellent candidates for 

perovskite emitters in LEDs owing to their structural relaxations, bandgap tunability and increased 

PL intensity. Device stability can be improved by the introduction of the quasi 2D perovskites and 

surface treatments using the Lewis base treatments. Efforts also need to be focused on synthesizing 

the environmentally stable mixed combinations of 2D/3D perovskites and employing them in the 

single junction or tandem cell for cost-effective, stable and efficient devices. Strategies need to be 

developed and challenges to be addressed in replacing unstable MA cation and toxic lead, to yield 

lead-free all-inorganic perovskites, that can pave a way for ambient stable devices.  

We envisage that this perovskite technology may hold great promise to addressing our energy 

needs, however collective research efforts from multidisciplinary fields are highly encouraged to 

solve the challenges and make a synergetic effort. Perovskites single crystals have not limited their 

application to optoelectronics, such as solar cells, LEDs, transistors, photodetectors, and lasers 

however they have extended their use in the grounds of photoelectrochemical applications, carbon 

dioxide reduction and photocatalytic water splitting and set forth its journey to get explored in 

different fields of the science and technology. 
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