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Abstract: 

Owing to the intensive research efforts across the world since 2009, perovskite solar cell power 

conversion efficiencies (PCEs) are now comparable or even better than several other 

photovoltaic (PV) technologies. In this topical review article, we review recent progress in the 

field of organic-inorganic halide perovskite materials and solar cells. We associate these 

achievements with the fundamental knowledge gained in the perovskite research. The major 

recent advances in the fundamental perovskite material and solar cell research are highlighted, 

including the current efforts in visualizing the dynamical processes (in operando) taking place 

within a perovskite solar cell under operating conditions. We also discuss the existing 

technological challenges. Based on a survey of recently published works, we point out that to 

move the perovskite PV technology forward towards the next step of commercialization, what 

perovskite PV technology need the most in the coming next few years is not only further PCE 

enhancements, but also up-scaling, stability, and lead-toxicity.  

1. Introduction

Photovoltaic technology (PV) is often aforementioned as a solution to issues related to 

increase in global electricity demands and global warming [1]. Globally installed PV capacity 

reached 237 GWp at the end of 2015. This number is equivalent to only ~1% of worldwide 

electricity demands [1, 2]. A myriad of PV materials and technologies were developed in the 
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last few decades with the aim to fabricate solar cells with low cost, high solar-to-energy power 

conversion efficiency, long-term lifetime, and environmental friendliness [3-5]. Flexibility and 

light-weight are also important for specific application needs (e.g., flexible electronics, 

building-integrated PV systems, etc.). Among the various types of PV technologies, organic-

inorganic halide perovskite (PVSK) based solar cells have emerged as a competitive candidate 

for the next generation high solar-to-electricity efficiency PV technology that is compatible 

with low-cost, low-temperature processing, flexible substrates, and large-area fabrication 

using, e.g., ultrasonic spray-coating, printing, roll-to-roll, and vapor deposition techniques [6-

9]. Laboratory scale cells (active area < 0.3 cm2) with the certified highest PCE of 22.7% have 

been achieved with a relatively short period of time since solid-state hole transport layer (HTL) 

was implemented [10-15]. These achievements are important grand merits when compared to 

Si or GaAs PV technologies, which require cost- and energy-demanding facilities for 

fabrication processes. In this topical review, we share our views regarding what does perovskite 

PV technology need the most in the coming next few years. To move PVSK-based solar cell 

technology forward towards commercialization, there are several crucial issues that need to be 

addressed: (i) up-scalable and reproducible process (controllable thin-film growth and 

deposition) with compatibility with low-cost and high-throughput, (ii) high stability and long 

lifetime testing data, and (iii) low toxicity. This topical review introduces the most recent 

advances in PVSK solar cells and modules that are essential for the next step 

commercialization. At the end of this review we outline the new trends and future directions in 

PVSK solar cell research. 

2. Power conversion efficiencies in perovskite-based solar cells

On the basis of published works worldwide and recent trends compared to other PV 

technologies [10, 11], there is no doubt that exceptional PCEs can be achieved in PVSK solar 

cells (figure 1). Furthermore, because the optimal band gap (Eg) for a single-junction solar cell 

is between 1.1 eV and 1.4 eV according to the Shockley-Queisser (S-Q) model [16, 17], further 

strategies are expected to give rise to even higher efficiencies [18]. Theoretical calculations (S-

Q limit) predict that the limiting PCE for single-junction solar cell is 33.7% for an optimum 

semiconductor with Eg = 1.34 eV. Recently, Polman et al. [19] analyzed the electrical 

characteristics of record-efficiency cells made from 16 widely studied PV materials (figure 1a). 

PVSK solar cells have already achieved at least ~70% of this limit for Eg of 1.6 eV (figure 1b). 

As comparison, GaAs PVs (Eg = 1.35 eV, PCE = 28.8%) have achieved ~85% of the predicted 
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limit. A new world record efficiency of 22.7% in PVSK solar cells [10, 11] was achieved only 

recently since March 2016. Naturally, a question arises: what strategies need to be further 

considered in PVSK fundamental research and technological aspects to overcome further this 

barrier of 22.7%? Because the efficiency of any PV systems is a key driver to reduce the cost 

of electricity generation, achievement of higher efficiency in PVSK-based solar cells and 

modules is highly desirable. In Si solar cell research, after 18 years have passed without a 

significant increase in PCE, the Kaneka R&D group this year announced a new record PCE of 

26.3% monocrystalline Si over >180 cm2 area [20, 21]. 

 
Figure 1. (a) World record-efficiencies of different PV technologies compared to the 

theoretical Shockley-Queisser detailed-balance limit as a function of band gap. (b) The ratio 

(Jsc / JSQ) versus (Voc ´ FF / VSQ ´ FFSQ) plot for record-efficiency cells. Light management 

and carrier management arrows are indicative of what a particular PV material need to improve 

for attaining higher efficiencies. Colors correspond to cells achieving <50% of their S-Q 

efficiency limit (red region), 50% to 75% (green region), and >75% (blue region). The record 

efficiency shown for PVSK solar cell in this figure corresponds to the 20.1% cell employing 

mixed cation-anion (FAPbI3)0.95(MA0.15PbBr3)0.05 [22]. Reprinted with permission from Ref. 

[19]. Copyright 2016 American Association for the Advancement of Science (AAAS). 

 

 On the basis of published studies, issues in devices showing lower short-circuit current 

density (Jsc) than the S-Q limit is associated with (i) incomplete light absorption and/or (ii) 

incomplete transport and collection of generated carriers. Another cause for Jsc loss in solar 

cells is related to parasitic absorption in adjacent layers to the absorber and the back reflectors 

[17]. Complementary to above observations, the reduced open-circuit voltage (Voc) or fill 

factor (FF) are associated with (iii) bulk, surfaces, and/or interfacial carrier recombination, 

parasitic series and/or shunting resistance, or other electrical non-idealities [19, 23-26]. figure 
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1b shows a comprehensive comparison of several widely studied PV technologies regarding 

their optical (light management) and electronic (carrier management) [19]. The light 

management parameter (j = Jsc / JSQ) and carrier management (v ´ f = Voc ´ FF / VSQ ´ FFSQ) 

were used as figures of merit to compare their electrical characteristics and evaluate to what 

degree the cell efficiency is limited by light management or carrier management [19]. A notable 

merit of solution-processed PVSK solar cells is the relatively small voltage loss (Voc / VSQ) 

that is even better than record-efficiency monocrystalline Si homojunction cells. However, the 

photocurrent loss (Jsc / JSQ) and decreased fill factor (FF / FFSQ) in PVSK solar cells are still 

substantial [19]. 

 

 Considering a particular case of MAPbI3 PVSK that corresponds to a most widely 

studied PVSK material system in literature, the absorption coefficient is among the highest of 

all photovoltaic materials (>3´104 cm-1, figure 2a) and is more than one order of magnitude 

greater than that of Si (figure 2a). This enhanced light absorption characteristics in PVSKs was 

associated with the inherent formation of a direct-band gap and enhanced light coupling in Pb 

6p–I 5p transitions in MAPbI3 PVSK [18, 27, 28]. Crystalline Si (c-Si) shows a much lower 

absorption coefficient because of its indirect band gap and shows signatures related to phonon-

assisted absorption (inset in figure 2a). In many cases, photocurrent loss issues are closely 

associated with film quality (imperfections and defects) [29, 30]. The UV-Visible (UV-Vis) 

absorption spectrum of PVSKs was shown to generate a sharp absorption edge, comparable to 

those of CdTe and GaAs, which are considered as the best semiconductor absorbers (figure 

2a). Based on this absorption edge position and slope, we can determine not only the optical 

band gap, but also the information regarding material microstructure (imperfections and 

defects) by analyzing the exponential decay of the sub-band gap absorbance, commonly 

described by the empirical Urbach rule. The equation of the empirical Urbach rule is A µ 

exp(E/E0), where A is absorbance, E photon energy, and E0 the characteristic Urbach energy 

representing the width of the exponential Urbach tail (figure 2a) [23, 31-33]. Despite the fact 

that there is no theoretical derivation for the Urbach rule, a general consensus exists that the 

Urbach tail in crystalline semiconductors is related to the static (structural disorder) and/or 

dynamic (phonon) disorder, that arises from lattice point defects, dislocations, strain, deviation 

from ideal stoichiometry, and grains [23, 31-33]. Pure MAPbI3 and MAPbBr3 (MA = CH3NH3) 

perovskites have sharp absorption edges with low Urbach energy of ~15-27 meV and ~23-34 

meV, respectively [23, 31-33]. Compared to other semiconductors (figure 2a), the Urbach 
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energy of MAPbI3 is close to that of GaAs (a monocrystalline direct band gap semiconductor 

and typically obtained using an expensive production process). This example highlights one of 

the major advantage of PVSK solar technology, i.e., PVSKs can retain a high quality even 

when prepared using low-cost processes (e.g., solution processes). 

 

 
Figure 2. (a) Absorption coefficient of CH3NH3PbI3 compared to other PV materials of 

amorphous-Si (a-Si), GaAs, Cu(In,Ga)Se2 (CIGS), CdTe, and crystalline Si (c-Si) 

corresponding to room temperature measurements. Slope of Urbach tail is shown for each 

material. The inset shows the data for c-Si down to low absorption values. (b) PL spectra of 

FAPb(Br0.67I0.33)3 film over 5 min of continuous illumination following excitation at 400 nm 

with intensity of 7.2 W/cm2 and 15 mW/cm2. Inset: Change of the average photon energy <Eph> 

as a function of time. (a) Reprinted with permission from ref. [31]. Copyright 2014 American 

Chemical Society. (b) Reprinted with permission from ref. [34]. Copyright 2015 WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

 

3. Dynamical processes in perovskite solar cells influencing power conversion efficiencies. 

 

 Often a transient behavior in solar cell parameters (Jsc, Voc, FF, and PCE) are observed 

during the initial measurements (e.g., light-soaking). As described later, the PVSK solar cell 

structure is complex and multiple dynamical processes result in the overall PCE variations as 

a function of time. Deconvolution of these dynamical processes are important to further 

develop strategies of stable PVSK solar cells. As an example, a dynamical process taking place 

in mixed MAPbI3-xBrx, PVSKs was first reported by Hoke et al. [35]. The initially 

homogeneous MAPb(BrxI1-x)3 (0.2 < x < 0.9) PVSK films were observed to undergo 

photoexcited phase-separation into two phases, one iodine-rich and the other bromide-rich 
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domain in the same film, confirmed by photoluminescence (PL) peak splitting and 

corroborated by X-ray diffraction (XRD). Interestingly, when allowed to relax in dark, the PL 

pattern returned to its original single phase state, meaning that the dynamical process is 

reversible. Changing the cation from MA to FA (FAPbI3-xBrx), a similar behavior was also 

reported (figure 2b) [34]. The intensity of the excitation laser is an important parameter in 

producing phase segregation (figure 2b). The PL emission of FAPb(Br0.67I0.33)3 films recorded 

for laser excitation with an intensity of 7.2 W/cm2 following 5 min of continuous illumination 

showed the gradual decrease and shift of the 620 nm (~2 eV) to a new dominant low-energy 

PL feature at ~785 nm (1.58 eV). On the other hand, when an identical FAPb(Br0.67I0.33)3 film 

was illuminated at the same wavelength (400 nm) with a lower laser intensity of 15 mW/cm2, 

no changes in PL spectra were observed even after 1180 min (~20 h) (figure 2b). Compared to 

the MAPbI3-xBrx system, it was reported that light intensity as low as 1.2 mW/cm2 with 

continuous illumination (10 min) can induce phase segregation [36]. Because photovoltaic 

devices are typically tested under AM1.5 conditions (100 mW/cm2), it is necessary to develop 

strategies to make PVSK systems resilient to phase segregation. A number of reports proposed 

the microscopic origins for the phase-segregation phenomena [35-43] and was recently 

summarized in ref. [18]. Naturally occurring small variations in perovskite composition after 

sample preparation were proposed as origin for phase-segregation phenomena inducing iodide-

rich domains with a reduced band gap. Therefore, compositional homogeneity in PVSK 

materials and crystallinity are the determining factors for stability [37, 40, 42-50]. The 

broadening of the PL peak quantified by the full-width at half maximum (fwhm) is also an 

important indicator of the presence of trap densities and morphological disorder and thus 

correlating with Urbach energy [32, 33]. The fundamental reversible mechanisms driving 

halide-segregation (upon light) and remixing (in dark) are yet to be developed [18, 30, 41, 42, 

51]. 

 Based on several reports, efforts are being made to study the PVSK dynamics under 

more realistic solar cell operation conditions. For instance, the micro-PL technique was 

demonstrated to be successful in mapping spatially resolved phase segregation in an active 

layer of a complete solar cell device [52]. Duong et al. reported that 

Rb0.05(Cs0.1FA0.75MA0.15)0.95PbI2Br suffers from light-induced phase segregation within the 

active area when the cell is operated under open-circuit conditions (figure 3). However, phase-

segregation within the active area is negligible when the cells are operated under maximum 

power point (MPP) or Jsc [52]. This highlights the importance of studies in establishing the 

connection between the dynamical processes in solar cell devices and operation conditions. 
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Figure 3. (a) Non-encapsulated Rb0.05(Cs0.1FA0.75MA0.15)0.95PbI2Br based PVSK solar cell 

with an active area of ~0.18 cm2 and (b) micro-PL scanning measurement setup performed in 

air at RT. 2D mapping shows PL peak position distribution scanned over an area of 5 ´ 5 mm2 

on (c) fresh device and after 12 h under one sun illumination at (d) Voc and (e) Jsc. (f) Jsc 

monitoring corroborates enhanced stability. Reprinted with permission from ref. [52]. 

Copyright 2017 American Chemical Society. 
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Figure 4. (a) Dynamic orientational disorder of MA molecules (b) disturbs the metal-halide 

lattice inducing distortion. (c) Illustration of proposed migration path of I− ions along the I−-I− 

edge of the PbI6 octahedra in MAPbI3. MA+ migration was also corroborated experimentally. 

(d) Time evolution of device performance under one sun illumination and after resting in dark. 

Devices were stresses at Jsc (blue squares) or at Voc (red circles). (a) Reprinted with 

permission from ref. [25]. Copyright 2017 MacMillan Publishers Limited. (b) Reprinted with 

permission from ref. [53]. Copyright 2015 American Chemical Society. (c) Reprinted with 

permission from ref. [54]. Copyright 2016 American Chemical Society. (d) Reprinted with 

permission from ref. [55]. Copyright 2016 MacMillan Publishers Limited. 

 

 PVSK materials can be considered to possess a “soft” (or “plastic”) crystalline structure 

[56, 57] formed by ions exhibiting rich dynamical processes such as (i) organic cation rotations 

(figure 4a) [58-67], (ii) inorganic lattice deformation (figure 4b) [61, 68], and (iii) ion migration 

[25, 54] (figure 4c). The dynamics of organic cations determine the structural, electronic, and 

optical properties of PVSKs because the cation dynamics disturbs the metal-halide (e.g., 

Pb-I-Pb) lattice. As consequence, the deformation of metal-halide lattice is associated with 

several local effects such as (i) dynamic direct-to-indirect transitions in bandgap suppressing 

charge recombination [62, 69]; (ii) nanoscale ferroelectric domains (due to the MA+ cation 

dipole moment) can assist separation of electrons and holes reducing their recombination [70, 

71]; (iii) spatially separated localization of valence and conduction bands [66]; (iv) Rashba 
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effect [57, 72], (v) large polaron formation [66, 73], and (vi) conductivity along charged 

domains is enhanced due to charge accumulation [74]. The above mentioned fundamental 

dynamical processes contribute to the superior solar conversion efficiency in PVSKs. It has 

been reported that absorption coefficients and charge transport properties of surfaces differ 

significantly from their bulk properties, such as morphology, carrier mobility, photocurrent, 

carrier dynamics, optical band gap, and device performance [25, 75-79]. For instance, ions in 

PVSKs migrate (figure 4c) under the influence of an electric field during device operation [25, 

54]. Such migration occurs mainly through defects in the lattice. Based on time-resolved 

photoluminescence techniques, a larger surface-trap density of ~1.6´1017 cm-3 was reported 

compared to bulk trap densities of ~5´1016 cm-3 [24]. Therefore, interface properties have 

dominant effects in many cases. For example, under light and applied bias conditions, 

accumulation of ions and vacancies at interfaces formed between adjacent layers 

(ETL/PVSK/HTL) creates further additional electronic trap states at interfaces leading to a 

partial screening of the built-in potential. As consequence, charge extraction efficiency 

deteriorates leading to lower device performance as operation time evolves (figure 4d) [55, 80, 

81]. When these PVSK solar cells operate under controlled mild conditions, their performance 

recovers (self-healing) to the original value after resting in dark [55, 82]. As exemplified above, 

understanding of fundamental dynamical processes taking place at the buried interfaces in 

PVSK solar cell devices are imperative for the design of next generation PVSK solar cells. 
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Figure 5. Selected lab-scale PVSK solar cell efficiencies evolved over the years. The certified 

efficiencies by NREL a represented by blue-colored numbers [10, 11].  

 

 As listed in figure 5, notably, the best-performing lab-scale PVSK solar cells share the 

same device (regular) structure comprising of FTO (anode)/c-TiO2+mp-TiO2 (ETL)/PVSK 

(absorber)/organic based HTL/Au (cathode); where FTO = fluorine-doped tin oxide, c = 

compact, and mp = mesoporous. Alternative structures such as planar structure, inverted 

structure [83] (PCE ~ 20%), HTL-free [84, 85], carbon counter electrode [86, 87] based solar 

cells have been proposed, but their PCEs are somewhat behind compared to that of the regular 

structure. In these device structures, different functional layers are stacked on top of each other 

producing multiple interfaces. What physico-chemical properties (i.e., morphology, interface 

atomic structure, and stoichiometry) influence charge transfer processes across interfaces are 

of important questions; these impact the overall device performance. Inclusion of selective 

contacts (ETL and HTL) was often a common practice to ensure efficient charge extraction 

from the perovskite layer. With the application of ETL and HTL, charge recombination 

processes were still shown to majorly take place at the interfaces due to generally higher density 

of interfacial defects compared to PVSK bulk counterpart [24, 88-90]. Furthermore, asymmetry 

in diffusion lengths for electrons and holes in PVSK solar cells caused by (i) unbalanced charge 
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extraction, (ii) potential barriers, and (iii) interfacial trap states were reported to prevent the 

device from reaching high PCEs [91-93]. To understand the mechanism of charge transport 

and to optimize device structure, it is necessary to determine the complete band diagram 

formed not within the bulk of individual functional material, but also at the interfaces 

(interfacial energetics) in these PVSK solar cells. Kelvin probe force microscopy (KPFM) was 

shown to be a versatile technique providing the potential landscape distribution across the 

multiple interfaces formed by the stacked layers constituting the solar cell device [92-97]. 

Alternatively, despite the fact that PES is a surface sensitive technique, strategies to probe the 

buried interface was reported by performing in situ incremental material deposition [98-115]. 

These works provide a more realistic picture of energy levels at interfaces such as band bending 

and interfacial dipoles than the assumption of a simple flat-band alignment between two 

adjacent materials (figure 6a) [77, 79, 98, 99, 105, 116-119]. Furthermore, PES was further 

employed to determine the corresponding energy positions of trap states in PVSKs (figure 6b) 

[120, 121] as well as valence band dispersion employing angle resolved PES (ARPES, figure 

6c) [122, 123]. Knowing the band structures as well as density of trap states [124, 125] in 

PVSKs and their corresponding energy positions are important for the overall understanding 

of electronic properties and charge transport characteristics.  
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Figure 6. (a) Schematic energy level diagrams of the interface between CsPbBr3 PVSK and 

PTAA HTL determined by UPS measurements. (b) Trap states determined by UPS with hn = 

21.22 eV (top) and 5.79 eV (bottom) on PVSK film prepared on Si with native oxide by vapor 

deposition of MAI and PbI2 (blue) or PbCl2 (red) precursors. (c) angle-resolved photoemission 

spectroscopy probed on cleaved MAPbI3 single crystal. (a) Reprinted with permission from 

ref. [105]. Copyright 2017 American Institute of Physics Publishing. (b) Reprinted with 

permission from ref. [122]. Copyright 2017 American Chemical Society. 
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Figure 7. (a) Proposed equivalent circuit for PVSK solar cell. Further detailed discussion of 

this figure is provided in ref. [126]. (b) Energy diagram at TiO2/PVSK contact in Voc condition 

at two different stages: (a) under dark where ion migration is suppressed and (b) after a 

substantial migration event of cations and vacancies took place induced by light (t >> 1 min). 

Red arrow represents major interfacial charge recombination. Velec is the electrostatic potential 

that contributes to the built-in potential (Vbi). (c) Schematic of band diagram of bias pre-poled 

devices. The bias pre-poling condition (Vpol) determines the NH (Vpol > Voc) or IH (Vpol < 0) 

conditions. Further detailed discussion of this figure is provided in ref. [127]. (a) Reprinted 

with permission from ref. [126]. Copyright 2014 American Chemical Society. (b) Reprinted 

with permission from ref. [128]. Copyright 2017 American Chemical Society. (c) Reprinted 

with permission from ref. [127]. Copyright 2017 American Chemical Society. 
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 The simultaneous access to the multiple buried interfaces in PVSK solar cells is a grand 

challenge. This situation is made even more complex when considering the additional necessity 

to “watch” dynamical processes occurring in PVSK solar cells under operation conditions. 

Impedance spectroscopy (IS) was demonstrated as a powerful tool for studying buried 

interfaces providing comprehensive equivalent circuits (figure 7a) [126, 129-133]. 

Furthermore, it is able to probe the dynamics of ions and charge carriers transport under solar 

cell operation conditions (figure 7b) [128, 134-136]. The working principle is based on 

capturing the modulated (alternating) current in response to a small-amplitude (mV order) 

modulated voltage stimulus. The experimental results are described based on equivalent 

circuits. Interpretation of impedance responses of PVSK solar cells is challenging and has not 

been completely resolved yet [26, 130]. Several IS studies correlated with other techniques and 

supported by simulations reveals that fluctuations (or hysteresis phenomena) in device 

performance under working conditions are related to the movements of ions and vacancies 

(feasibility in Li-ion battery application was also demonstrated [137-139]) that can be activated 

by temperature or electric field [81, 128, 135, 140-144]. A comprehensive dynamical process 

taking place at TiO2/PVSK interface was described by Hu et al. [128]. Ion movement alone is 

not sufficient to cause hysteresis. It is the slow (~milliseconds up to minutes [81]) accumulation 

of mobile ions at the interfaces that leads to the dynamical hysteresis response. In the particular 

case, when the device is under illumination and set at Voc, significant migration of positive ions 

and vacancies occurs at the TiO2/PVSK interface (figure 7b) [145]. As a consequence, this 

leads to an upward band bending [130] signifying an energy barrier hindering electron transfer 

from PVSK to TiO2 (figure 7b). It has been reported that under short-circuit conditions the ion 

migration is suppressed, which corroborates with PL studies [37, 52, 134] (figure 3). Garrett et 

al. [146] showed that when a perovskite device is illuminated, the splitting of the quasi-Fermi 

levels for electrons and holes take place, which is proportional to the Voc of the solar cell. I.e., 

a built-in potential is generated within the solar cell device that will favor migration of charged 

ions (e.g. MA+, Pb2+, I-). On the other hand, under short-circuit conditions, the photo-generated 

carriers do not accumulate at the layers as they exit to the external circuit resulting in negligible 

built-in electric field. The dependence of this ionic motion on an externally applied electric 

field was further studied by Li et al. [134] employing PL mapping. The local perovskite 

stoichiometric variations due to external electric field (threshold > ~105 V/m) was shown to 

have a significant impact on the local PL performance. To allow ions and vacancies to build 

up at interfaces (that will lead to changes in the electric field distribution in the bulk PVSK), 
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the illuminated devices should be under the electric field under one of the following conditions: 

constant (i) Voc, (ii) MPP, or (iii) during J-V scan with scan rates that allow ion accumulation 

at interfaces [82, 130, 147, 148]. The hysteresis phenomenon, characterized by a large loss in 

FF (that can be followed also in Jsc and Voc) during the reverse-to-forward (R-F) scan [149, 

150], has been further complicated recently by the emergence of an inverted hysteresis 

phenomenon [127, 151, 152]. Inverted hysteresis leads to reduction in Jsc and FF (S-shaped 

kink) in the F-R scans compared to that of R-F scans. Complete band diagrams for explaining 

normal and inverted hysteresis (NH and IH) were proposed [127] (figure 7c). Time-evolution 

of band diagrams within PVSK solar cells for explaining the hysteresis behavior were also 

proposed in figure 5 of ref. [142], Scheme 1 of ref. [140], and figure 2 of ref. [133]. A general 

consensus is still lacking on why inverted structured perovskite solar cells show reduced 

hysteresis phenomena [153-159]. Calado et al. [153] provided a comprehensible side-by-side 

comparison of transient optoelectronic measurements on (i) inverted device structure of 

ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Al and (ii) regular device structure of n-i-p with 

FTO/TiO2/CH3NH3PbI3/spiro-OMeTAD/Au perovskite solar cells. The conclusions from this 

work were (i) both ion migration leading to ion accumulation at interfaces and interfacial 

recombination are required for hysteresis to be observed; (ii) However, they quoted that their 

“observation is not consistent with the hypothesis that PCBM reduces hysteresis by preventing 

diffusion of ionic defects, as suggested in previous works [54, 154, 155].” In addition to ion 

migration described above, charge trapping and detrapping at interfaces of electron and hole 

transport layers by the unbalanced electron and hole flux, respectively, were emphasized as 

possible origin of hysteresis [156]. In the particular case of 

ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/Al inverted planar device structure, the hysteresis is 

less pronounced because the electrical conductivity of PCBM (0.016 mS ×s-1) is well matched 

to that of PEDOT:PSS (0.014 mS×s-1) [157]. The recent work by Li et al. [158] showed further 

the complexity of the hysteresis that can be also originated from extrinsic ion migration in 

perovskite solar cells. They described that not only the intrinsic ions (e.g. MA+, Pb2+, I-) 

migrating within a perovskite solar cell, but also the extrinsic ions (e.g. Li+, H+, Na+) 

originating from the contact layers (e.g., spiro-MeOTAD) have strong impact on performance 

and hysteresis phenomena. The above descriptions, point out that the cause for hysteresis 

phenomena originates from multiple physico-chemical dynamical processes taking place 

within the perovskite solar cell structure. Hysteresis phenomena is considered a serious 

impediment to stabilized and reliable measurement and operation of the perovskite solar cells. 
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Furthermore, moving ions in the bulk of PVSK was also suggested to play major role in the 

degradation of the device, which are all important issues to be considered towards application 

[128, 136, 141, 160, 161]. 

 

4. Up-scaling strategies 

 

 
Figure 8. (a) Efficiency evolution of Si, CdTe, and PVSK single cells and modules (or mini-

modules) in the past 20 years. (b) Reported module efficiencies as a function of active area 

measured by J-V curves. (c) Schematic drawing showing the structure of a typical PVSK solar 

module. (d) Devices with metal grid help overcome the series resistance (Rseries). Certified 

efficiency (Newport, August 30th, 2016) (a) Reprinted with permission from ref. [162]. 

Copyright 2017 American Chemical Society. (b) Reprinted with permission from ref. [163]. 

Copyright 2016 The Royal Society of Chemistry. (c) Reprinted with permission from ref. 

[164]. Copyright 2015 The Royal Society of Chemistry. (d) Reprinted with permission from 

ref. [165]. Copyright 2017 American Chemical Society. 

 

 PVSK synthesis has evolved significantly and, as a result, a variety of PVSK 

compositions can be obtained [11, 18, 22, 166-173]. In addition to thin-films, single crystals 
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of these materials were synthesized and used in devices [90, 174-183]. However, the current 

state-of-the-art perovskite single cells have relatively small active areas (<0.3 cm2) [10, 11, 22, 

83, 87, 166-169, 184-186], which is impractical for realistic applications [6, 7, 162]. Therefore, 

it is imperative to develop up-scaling processes with high PCEs and good stability. The number 

of reports on PVSK single cells employing active areas larger than 1 cm2 is not many, but 

certainly increasing [187-192]. An area of 1 cm2 can only be considered an “intermediate size” 

in solar cell industrial standards. Therefore, further up-scaling of PVSK solar modules is 

desirable, and we have seen more and more studies focusing on this topic (figure 8a) [11, 157, 

162, 163, 165, 193-204]. As we can see from the comparison of PVSK PVs, single crystalline 

Si and polycrystalline CdTe PV technologies, the progress reported for PVSK PV modules (or 

mini-modules) are also advancing faster than other PV technologies [162]. One of the major 

challenges in PVSK solar modules is that the module efficiency decays as the active area of a 

solar module rises (figure 8b) [163, 191]. When scaling up to larger areas, the performance 

reduction is usually a result of decreased FF and Jsc. The decrease in FF is associated with the 

increase in series resistance (Rseries) due to a longer transport distance through the transparent 

conductive oxide (TCO), which typically has small, but finite sheet resistance range of 10~15 

W/� (figure 8c). This is an important issue, and can be improved with optimized module design. 

For example, fabricating narrower cells reduces the travel distance through TCO, and thus 

lowers Rseries. However, the narrowing of the active area cells will lead to increase in the 

interconnection areas (figure 8c), and therefore decrease the percentage of active area for a 

given total area leading to increased cost of generated solar electricity (i.e., a higher $/W value). 

In these interconnection areas, no electricity is being generated leading to a further decrease in 

PCE when normalized by the total substrate area. It is important to keep in mind that PCE per 

total area is more relevant for practical applications than PCE per active area (figure 8c). Often 

a geometric fill factor (GFF = active area / total area) is used to quantity solar module area 

usage efficacy [205]. An alternative design for large-area single cell is based on utilizing metal 

grids (similar design employed in Si solar cells) that is effective in reducing Rseries issues (figure 

8d) [165]. The decrease in Jsc upon up-scaling is often related to deteriorated PVSK film quality 

and uniformity when the substrate area becomes larger. Development of fabrication techniques 

that can generate high quality uniform PVSK film across large areas relies on (i) a priori 

understanding of complex nucleation and growth processes of PVSK films [206, 207], (ii) 

perovskite film deposition methods (solution process or vacuum deposition) with a high degree 

of controllability to ensure low cell-to-cell and batch-to-batch variation, and (iii) a posteriori 
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spatially resolved chemical composition distribution and morphology characterization of the 

entire perovskite films as well as when incorporated in complete devices. 

 Monitoring perovskite film quality during spin coating was achieved by in situ time 

resolved grazing incidence wide angle X-ray scattering (GIWAXS) measurements [208, 209] 

to investigate the origins of detrimental effects of incomplete lead precursor conversion, 

inconsistent crystallite formation/film uniformity, and precursor-solvent coordination [207]. In 

addition, characterization techniques such as electroluminescence (EL) and PL imaging and 

light induced current measurements (LBIC) of the complete cell was shown to be helpful to 

visualize non-local homogeneities and identify spatially present defects and/or (dust) 

particulates that lead to shunting pathways [165, 210-218]. Fundamental principles of local 

radiative/non-radiative charge recombination and charge transport in solar cells are addressed 

with above techniques. For example, in figure 9b, dark spots delimited by square are cell areas 

limited by series resistances (Rseries). A larger hole marked by triangle is a poorly contacted 

region due to processing defects. Cells are defined by the circle is a well contacted region with 

high radiative recombination [217]. Compositional uniformity is equally important for 

obtaining high performance cells, and X-ray fluorescence (XRF) and Rutherford 

backscattering spectroscopy (RBS) have been used to provide vital information regarding 

compositional uniformity [193]. Considering up-scaling, the first step is fabrication of large-

area perovskite solar cells with high quality (i.e., high film uniformity, reduced roughness 

across the whole area, reduced density of defects, etc.). In this aspect, the methods are currently 

under intensive investigation include (i) methylamine-gas treatment (and its variants) (figure 

9e,f) [8, 129, 219-229], (ii) vapor based methods including vacuum evaporation [9, 83, 230-

235] and chemical vapor deposition [163, 236-239], and (iii) preferentially oriented crystal 

growth (figure 9g) [240-245]. For instance, it has been demonstrated that certain 

crystallographic orientations of perovskites grains can lead to enhancement in carrier mobility 

and impact significantly the Voc and PCE [240]. CVD is a mature technique, which has been 

widely employed in many industrial applications. Perovskite film growth by a hybrid chemical 

vapor deposition (H-CVD) process for the fabrication of PVSK solar cells was first 

demonstrated in 2014 [238]. Later, the H-CVD process has been shown to have a high level of 

controllability for film morphology and composition [163, 195, 236-239, 246-251]. The H-

CVD method consists of two steps. In the first step, PbCl2 (or PbI2) films are deposited to the 

substrates via vacuum evaporation or solution processing (figure 10a) [238]. In the second step, 

these substrates pre-coated with PbCl2 (or PbI2) films are placed in the low temperature zone 

of a two-zone tube furnace. A crucible containing MAI (or FAI) is placed in the high 
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temperature zone of the tube furnace. When the high temperature zone is heated up, MAI (or 

FAI) becomes vapor. A dry N2 gas flow is used to drive the MAI (or FAI) vapor from the high 

temperature zone towards the low temperature zone, where MAI (or FAI) is deposited on PbCl2 

(or PbI2) and converts the film to perovskite. During the CVD process, the pressure inside the 

tube furnace is kept at a rough vacuum level (approximately 100 Pa). The H-CVD (figure 10a) 

method does not have the solvent compatibility issues, which are often encountered in solution 

processing. The solution-free feature of the H-CVD method means that it can be conveniently 

integrated with Si, CIGS and CdTe solar cells to form tandem cells. It has also been shown that 

uniform films across large areas can be prepared by the H-CVD method, which is fully 

compatible with high-throughput production (figure 10b) [163, 236-239]. Furthermore, when 

scaled up from 0.1 cm2 small cell to 12 cm2 module, the PCE has only slightly dropped from 

16.6% to 14.6% (figure 10c) [239]. These studies suggest that the H-CVD method is a 

promising method that is compatible to up-scale the fabrication of PVSK solar cells (figure 

10c). Although much progress has been made, there is still plenty of work to be done to achieve 

large-area perovskite solar cells. Once the first step of fabricating a homogeneous and densely 

packed PVSK film over a large area is realized, it can be followed by the second step of design 

and fabrication of a module and the third step of integrating the modules into a panel [7, 163, 

194].  
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Figure 9. (a) Photoluminescence (PL), (b) Electroluminescence (EL) mapping at Isc and Voc 

conditions. (c) Micro light induced current (µ-LBIC) measurements measured at 532 nm. (d) 

Voltage dependent local electroluminescence emission from the regions marked in the EL 

image at 1.3 V. (e) In situ optical microscopy of the morphology evolution of MAPbI3 

perovskite crystals upon exposure to CH3NH2 (MA) gas and subsequent degassing. (f) The 

utilization of MA-gas treatment to “heal” PVSK thin-films prepared by other fabrication 

methods. In this example, the MA-gas treatment improves the morphology, crystallinity, and 

optical and charge transport properties of perovskite films prepared by methylamine post-
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annealing method [219]. (g) Schematic of the uniaxial-oriented PVKS films. Carrier mobility 

and trap density of [−111] uniaxial-oriented PVSK films (red stars) are also represented with 

previous reported values from polycrystalline (open circles) and single-crystal (open squares) 

PVSKs. (a-d) Reprinted with permission from ref. [217]. Copyright 2015 The Royal Society 

of Chemistry. (e) Reprinted with permission from ref. [223]. Copyright 2015 WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim. (f) Reprinted with permission from ref. [8]. Copyright 

2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) Reprinted with permission 

from ref. [240]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 
Figure 10. (a) Schematic of the H-CVD method for uniform perovskite film deposition across 

large areas. Details are provided in ref. [238]. (b) Photographs of patterned PVSK films grown 

by H-CVD and solar cells and modules. (c) Combined H-CVD and cation exchange (CE) to 

up-scale the fabrication of Cs-substituted mixed cation PVSK solar cells with high efficiency 

and stability. (a) Reprinted with permission from ref. [238]. Copyright 2014 The Royal Society 

of Chemistry. (b) Reprinted with permission from ref. [163]. Copyright 2016 The Royal 

Society of Chemistry. (c) Reprinted with permission from ref. [239]. Copyright 2017 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

5. Long-term Stability 
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Figure 11. (a) Time-of-flight secondary ion mass spectrometry (ToF-SIMS) depth profiles of 

degraded PVSK solar cells. Profile of Au– is compared to that of the devices aged at 30 oC and 

70 oC. (b) Reconstructed elemental 3D maps for the ion traces in the depth profile. The xy 

dimensions of the analyzed area is 10 × 10 µm2. (c) MPP tracking aging (under 1 sun at 75 oC 

and N2 flow) of PVSK solar cells with top HTL/Au and HTL/Cr/Au layers. The values are 

normalized to the initial ones. (d) Normalized maximum power output (V ~ 0.85 V) tested in 

N2 environment for 3 identically prepared perovskite solar cells (devices A, B, C) measured 

under 1 sun. Devices A and B were continuously tracked for over 100 h. Device C was 

cyclically tracked 4 times for 5 hours and it was left in dark at open circuit between consecutive 

measurements. (a-c) Reprinted with permission from ref. [252]. Copyright 2016 American 

Chemical Society. (d) Reprinted with permission from ref. [82]. Copyright 2017 The Royal 

Society of Chemistry. 

 

 In addition to the series resistance issue of TCO (figure 8) and thin-film quality when 

considering up-scaling (figure 9), a third factor that leads to dramatic irreversible PCE decrease 

over time is correlated with the temperature increase (60 ~ 85 oC) in large area solar modules 

under 1 sun. [163, 253-255]. Demonstration of solar modules operating successfully under 
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operation conditions (i.e., under light and connected with a load) and thermal stress testing (-

40 oC and 85 oC) is needed to obtain industrially relevant certification (IEC61646 / IEC61215 

protocol) [7, 205, 253, 256, 257]. A number of reports have shown that it is unlikely for 

MAPbI3 based solar cells to reach sufficient stability as MAPbI3 (i) undergoes a phase 

transition from tetragonal to cubic phase at approximately 57 °C [163, 258], which is followed 

by significant increase in charge-carrier trapping rates upon entry into the cubic phase [259] 

and interfacial recombination rates increase at the interfaces between the selective contacts and 

the MAPbI3 layer [260-262], (ii) possesses low decomposition temperature [263], (iii) organic 

cation sublimes from PVSK and decompose at solar cell operation temperatures [264-266], 

(iv) extreme sensitivity to atmospheric conditions [132, 253, 267-270], (v) generation of I2 

leading to subsequent migration and subsequent neighbor degradation (cascade effect 

decomposition) [271-273]. More recently, as shown in figure 5, alloying of perovskites was 

shown as an effective strategy to improve stability [18, 22, 274]. In fact, except for the first 

certified efficiency record reported for PVSK cells using pure MAPbI3 [166], the following 

subsequent five National Renewable Energy Laboratory (NREL) records with publicly 

disclosed information employed mixed-cation and mixed-halide PVSK strategies showing both 

enhanced efficiency and stability [11, 18, 22, 167-170]. The overall degradation within a PVSK 

solar cell is not solely originated from the PVSK layer, but also can result from adjacent layers 

as well as interface related degradation issues [7, 14, 77, 132, 253, 269, 275-284]. As shown 

in figure 5, the best-performing PVSK solar cells share a common device structure composed 

of FTO/c-TiO2+mp-TiO2/PVSK/organic based HTL/Au. Among several alternative ETLs 

studied [285-287], combination of c-TiO2 and mp-TiO2 employed as ETL leads to high PCEs 

as well as reduced hysteresis. However, TiO2 was associated with photocatalytic degradation 

processes at the TiO2/PVSK interface upon UV light illumination [281, 288]. Furthermore, 

although great efforts have been made in developing alternative HTLs [14, 289-294], LiTFSI-

doped spiro-MeOTAD generally gives higher solar cell device efficiencies [14]. But it has been 

reported that the spin coated LiTFSI-doped spiro-MeOTAD HTL (i) contains pinholes [14, 

294-297], (ii) dynamics of dopants strongly affects HTL conductivity [14, 295, 298, 299], and 

(iii) the hygroscopic nature hampers overall device stability [14, 277, 290, 291]. The top 

cathode is generally noble metal Au with good air stability, but it has been also associated with 

long-term thermal stability issues at high temperatures because Au in the form of 

clusters/atoms diffuses through the spiro-MeOTAD HTL reaching the PVSK layer (figure 11a-

c) [252]. As shown in figure 4d and figure 11d and described in references [55, 82], mild 
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operation conditions (i.e., determination of device characteristics) that allow self-healing of 

device itself [300-302] are proposed to alleviate the short lifetime of PVSK-based solar cells. 

Note that self-healing materials [300, 303] are under investigation in other solar cell technology 

[301, 302]. For example, polymers [e.g., polyvinyl alcohol (PVA), polyurethane, poly(methyl 

methacrylate) (PMMA), etc.] often employed as encapsulation materials are susceptible to 

degradation and crack formation upon prolonged light exposure. Polyisobutylene (PIB) based 

sealant was introduced as the encapsulant in organic electronics. Interestingly, PIB based 

networks show the light-induced self-healing properties that leads to longer polymer lifetime 

and thus, prolonged device stability [301, 302]. In the PVSK solar cell research, Zhao et al. 

reported the first PVSK device study with self-healing properties employing polyethylene 

glycol (PEG) as the scaffold (polymer) layer into which PVSK is infiltrated [304]. These PEG 

molecules in close contact with PVSK crystals effectively absorb water leading to prolonged 

PVSK crystals. The self-healing mechanism was illustrated: upon water vapor (60 s), the 

PEG+PVSK film turned to yellow color at first, but recovered to the black color material within 

45 s after removal of water vapor. In contrast, the PVSK film without PEG turned yellow in an 

irreversible manner [304]. There are a few reports that demonstrated the feasibility to obtain 

long-term stability in PVSK based solar cells taking into to account strategic device designs. 

For example, the device with the structure FTO/c-TiO2/m-

TiO2/Rb0.05Cs0.05(FA0.83MA0.17)0.90Pb(I0.83Br0.17)3/PTAA/Au showed high steady-state PCE of 

21.6%. More importantly, these cells were demonstrated to maintain ~95% of their initial PCE 

when tested in N2 at a temperature of 85 oC for 500 h and under operation conditions [47]. In 

another study, the device with the structure FTO/SnO2/C60/Cs0.17FA0.83Pb(I0.6Br0.4)3/spiro-

OMeTAD/Au not only achieved an efficiency as high as 18.3%, but also showed enhanced 

stability with a post burn-in T80 over 3,420 hours under continuous 1 sun illumination in air 

[305]. In addition to strategic designs of PVSK materials, encapsulation strategies should be 

also employed in the current PVSK solar cell research to achieve long term stability [7, 189, 

205, 253, 306]. For example, FA0.83Cs0.17Pb(I0.83Br0.17)3 based PVSK solar cells that were 

packed with top glass sheet employing EVA (polymer binder) and butyl rubber as edge sealant 

demonstrated unprecedented stability (figure 12a-e) [189, 253]. These PVSK single cells were 

demonstrated to pass the most difficult IEC test of damp heat, i.e., 1000 h at 85 oC and 85% 

relative humidity (RH) (figure 12e). Another impressive example of feasibility in obtaining 

long term stability (one-year) was based on the 2D/3D mixed PVSK structure of 

(HOOC(CH2)4NH3)2PbI4 (AVAI) / MAPbI3 with top carbon electrode (figure 12f-h) [205]. The 

champion cell (0.64 cm2, active area) and module (47.6 cm2, active area; GFF = 47.6%) 
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delivered PCE of 12.7% and 11.2%, respectively. The results in figure 12h show impressive 

long-term stability of >10,000 h and minimum influence at elevated temperatures. This long 

stability report is at present the highest record value obtained in PVSK PVs, demonstrating the 

proof-of-concept that careful selection of PVSK composition/structure allows conventional 

encapsulation to adequately protect PVSK and lead to long-term stability [189, 205, 253]. 

These new advances are encouraging for PVSK solar cells. 

 

 
Figure 12. (a) Solar cells based on FA0.83Cs0.17Pb(I0.83Br0.17)3 PVSK with a band gap of 1.63 

eV. These cells were later combined with silicon solar cells to make a monolithic tandem solar 

cell delivered NREL certified and record 23.6% PCE. (b) J-V characteristics and (c) total 

absorbance (1 − R, where R is the reflectance; dashed grey line), EQE (solid blue line), and 

transmittance (solid red line). The light and dark grey shaded areas represent the light lost to 

reflection and parasitic absorption, respectively; associated current density losses are indicated. 
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(d) Efficiency, JMPP, and VMPP of a PVSK device with no additional encapsulation during 1,000 

h of continuous MPP tracking. (e) Efficiency, JMPP, and VMPP of PVSK device packaged with 

EVA, glass, and a butyl rubber edge seal for damp heat testing (85 oC / 85% RH, IEC protocol 

61215). (f) J-V of encapsulated 2D/3D AVAI/MAPbI3 based PVSK solar cells (0.64 cm2) and 

(g) solar modules (47.6 cm2) with carbon electrode. (h) Stability measurement of solar module 

tested under 1 sun at stabilized temperature of 55 oC and Jsc condition. (a-e) Reprinted with 

permission from ref. [189]. Copyright 2017 MacMillan Publishers Limited. (f-g) Reprinted 

with permission from ref. [205]. Copyright 2017 MacMillan Publishers Limited. 

 

6. Lead toxicity 

 

 Pb2+ toxicity is another major obstacle for high efficiency Pb-based PVSK solar cells 

to go towards commercialization. The PV community is aware of the consequences of Pb 

toxicity and the anxiety that poses for the society [7, 307-311]. The structural and electronic 

properties of Pb-halide-based PVSKs are extremely suitable for solar energy harvesting 

applications, and it is therefore not easy to find a replacement for Pb. So far, only Sn-based 

PVSK solar cells have produced reasonable PCEs (the highest PCE of 8.12% was achieved on 

FA0.75MA0.25SnI3-based solar cells [312]). Till now all other Ge-, Cu-, Sn-, Bi-, and Sb-based 

PVSKs have yielded relatively low PCEs (Refs. [313-315] summarize comprehensively the 

reported efficiencies for Pb-free PVSK solar cells). Density functional theory (DFT) 

calculations confirm that the electronic configuration of Pb2+ in PVSK is one of the key reasons 

responsible for the exceptional PV behavior [70, 308, 316, 317]. The so-called inert s pair (2+ 

oxidation state is stabilized in group IV elements when electrons in s2 pair are kept intact and 

only p electrons are lost) is preferred in heavier atoms such as Pb due to stabilized s orbitals by 

relativistic contraction. As a consequence, Pb is stable in 2+ state while as the most stable 

oxidation state for Sn or Ge (located above Pb) is 4+.  
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Figure 13. Reported PVSK structures of (a) AMX3 or “1-1-3” 3D structure (e.g. CH3NH3PbI3); 

(b) A2MX6 3D structure; (c) A3M2X9 or “3-2-9” with lower-dimensionality structure (e.g. 

Cs3Bi2I9); and (d) A2MM’X6 or “2-1-1-6” chess-type structure (e.g. Cs2AgBiBr6). Reprinted 

with permission from ref. [314]. Copyright 2017 American Chemical Society. 

 

 Seeing that a simple Pb2+ substitution by another divalent element in the AMX3 or “1-

1-3” (3D) structure (figure 13a) is challenging, efforts are being made to search for multivalent 

elements yielding “2-1-6” (3D) structure (figure 13b), “3-2-9” bilayer (2D) [318-325] (figure 

13c), bioctahedra (0D), “3-1-5” single-chain, “4-1-6” single-octahedron structures, and “2-1-

1-6” (3D) double perovskite structure with compensated charges (figure 13d) [317, 326-332]. 

The size, shape, and functionality of organic cations alter the 3D inorganic network to form 

extended 2D layers, 1D chains, 0D isolated octahedra or other intermediate cases [333]. In a 

recent work, Xiao et al. [317] compiled reported Pb-free halide perovskites and non-

perovskites with a wide range of bandgaps and correlated with structural dimensionality. The 

term non-perovskites correspond to structures consisting of non-corner-sharing or isolated 

[MX6] octahedra. Although most of the reported bandgap values correlate well with the 

structural dimensionality, the same authors introduced the concept of electronic 

dimensionality, which is associated with the charge transport of photogenerated carriers. 

Higher electronic dimensionality accounting for better photovoltaic device performances is 
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associated with isotropic (3D) transport properties, with smaller recombination events in well-

ordered 3D structured absorber [317]. This electronically dimensionality was associated with 

the generally lower power conversion efficiencies observed employing lower dimensional 

PVSKs: Cs3Bi2I9 (2.2 eV Eg, 1.09% PCE) [318], MA3Bi2I9 (2.26 eV Eg, 1.64% PCE) [325], 

Rb3Sb2I9 (2.24 eV Eg, 0.66% PCE) [322]. 

 The atomic transmutation strategy (2M2+  ® M1+ + M23+) has led to successful 

evolution of a binary ZnSe (Eg = 2.8 eV) to ternary CuGaSe2 (Eg = 1.7 eV), and then to 

quaternary Cu2ZnSnSe4 (Eg = 1 eV) [332, 334-336]. These CuGaSe2 and Cu2ZnSnSe4 based 

compounds led to further development of Cu(In,Ga)Se2 (CIGS) and Cu2ZnSnS4 (CZTS) that 

have been applied in solar cells reaching PCEs above 20% and 10%, respectively [10]. The 

same transmutation strategy is being explored in PVSKs towards a novel class of Pb-free 

quaternary materials with A2MM’X6 or “2-1-1-6” 3D double-PVSK structure (figure 13d). 

Metals with oxidation states of 2+/2+ and 1+/3+ in the M/M’ sites can be accommodated in 

double perovskites. Although their PCEs have not been reported, some examples of compounds 

promising for photovoltaic applications include: Cs2Ag1+Bi3+X6 (X = Br and Cl) [326, 327, 

334, 337], Cs2NaBiI6 [317], Cs2InAgCl6 [338], Cs2InBiX6 (X = Br and Cl) [334], 

(MA)2AgBiBr6 [339], and (MA)2KBiCl6 [328]. Computational screening procedures are 

helpful in searching for new structurally stable double perovskites [329, 332, 340, 341]. 

Volonakis et al. proposed a new family of Pb-free inorganic halide double perovskites 

A2B’B”X6 based on A = Cs, B’ = Au, Ag, Cu, B” = Bi or Sb, and X = Cl, Br, I using first-

principle calculations that exhibit promising optoelectronic properties. So far, working solar 

cells based on double perovskites have not been reported to date. This has been majorly 

attributed to difficulties in developing synthetic routes to obtain uniform thin films of the 

correct phase and composition [317, 329-331, 334].  

 Recently, PVSKs have also gained attention as suitable materials for g-ray [342, 343] 

and X-ray detectors [344-346] as well as X-ray imaging systems [347, 348]. X-ray detectors 

employing Pb-based PVSKs (thin-films and single crystals) were reported to achieve high 

sensitivities outperforming commercial a-Se X-ray detectors [337], which are of great 

potential for a range of applications such as medical diagnosis – operating at low X-ray doses 

to reduce health risks caused by radiation [347, 348]. Employing the atomic transmutation 

method (2Pb2+  ® Ag+ + Bi3+) in the CsPbBr3 PVSK (shows enhanced stability), the double 

PVSK structure Cs2AgBiBr6 was first introduced in X-ray detector devices [337]. Pb-free 
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Cs2AgBiBr6 based X-ray detectors showed a low detectable dose rate limit that was comparable 

to the MAPbBr3 single crystal [337]. 

 

7. Summary and Outlook 

 

 PVSK solar cells with efficiencies as high as 22.7%, are currently the only solution-

processable PV technology that demonstrated potential to outperform multicrystalline Si 

(21.9%) and be competitive with emerging thin-film solar cells such as vacuum-processed 

CIGS (22.6%) and CdTe (22.1%) [10]. Currently there are three main challenges for PVSK 

solar cells: (i) most of these high PCE values were obtained in small active areas, and (ii) the 

lifetime of these cells is relatively short, and (iii) these cells are mainly based on Pb-based 

PVSKs. These challenges on the other hand also point out the new directions in the PVSK 

research [6, 349, 350]. Challenge (i) has been discussed in detail in section 4, which includes 

two issues impeding the fabrication of large-area efficient PVSK solar cells and modules. The 

first issue is the deterioration in PVSK film morphology and uniformity when the cell or 

module areas become larger. The second issue is the inherent increase in Rseries of TCO when 

increasing the cell or module area. In 2015, the largest reported PVSK solar cell had an active 

area of 100 cm2 and generated a PCE of 4.3% (429 mW) and Voc of 9.6 V [197]. In 2016, 

PVSK solar modules fabricated using a full dry process of H-CVD was demonstrated (figure 

10); FAPbI3-based modules with PCE up to 9% (6-cell modules; 12 cm2 active area) were 

reported [163]. In 2017, several studies focusing on perovskite solar modules have been 

reported representing state-of-the-art in this direction: PCE of 10.4% (49 cm2 active area) 

[194], certified PCEs of 12.1% (36.1 cm2 aperture area) [187], 12.1% (16 cm2 aperture area; 

but employing metal grid strategy) [165], and 15.76% (6 ´ 6 cm2 total area; 20 cm2 active area) 

[351]. Currently, the best certified perovskite mini-module efficiency of 16% has an aperture 

area of 16.29 cm2 [11]. These reports show that large-area PVSK solar modules can be realized. 

As comparison (and also a further motivation for the PVSK community) monocrystalline Si 

cell was also demonstrated this year to achieve PCE of 26.3% with an area of >180 cm2 [20, 

21]. Challenge (ii) is regarding long-term stability (e.g., >20 years achievable in Si PV 

technology) of PVSK solar cells. Accelerated PVSK stability tests under thermal stress 

following IEC 61646/IEC 61215 [257] can provide vital information regarding the solar cell 

operational stability. As discussed in section 5, a proper selection of PVSK 

composition/structure (e.g., mixed cations, mixed anions, and 2D/3D mixed PVSKs) with the 
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additional encapsulation strategy was demonstrated to lead to one-year long stable operation 

[189, 205]. Further investigations are needed regarding the influences of concentrated sunlight 

(e.g., 100 suns = 10,000 mW/cm2) in PVSK materials [352-355]. However, accelerated 

stability test protocols (e.g., under 100 suns and MPP tracking) are expected to be more 

practical and boost up the research outcomes on the stability profiles of PVSK solar cells [355]. 

In addition, self-healing materials have been employed in PVSK solar cell research and may 

be additionally a viable strategy to attain long-term stability [304]. Challenge (iii) regarding 

the toxicity of Pb2+ (section 6) most concerns investors and costumers, which has led to a new 

research direction, i.e., Pb-free PVSKs. Currently, Pb-free PVSK solar cells exhibit inferior 

performance compared to Pb-based counterparts. More research efforts are needed to develop 

new alternative Pb-free PVSKs, as well as to understand the main factors causing the low 

efficiencies in the current Pb-free PVSK cells. For example, it is necessary to explore and 

develop alternative ETLs and HTLs for matching energy levels and minimize charge-

recombination events at interfaces (section 6) for these Pb-free PVSKs.  

 The outlined technological challenges above (e.g., small cell areas, instability, low 

efficiencies in Pb-free PVSKs) are closely correlated with fundamental bulk and interface 

properties within a complete solar cell device. For instance, efficient charge-carrier generation, 

extraction, and transport with minimum recombination through the interfaces is crucial to attain 

high-efficiency solar cells. Furthermore, PVSK thin-film fabrication methods generate 

polycrystalline grains. The adjacent grains may assume different crystal orientations and have 

different chemical compositions (and/or impurities), which impacts charge dynamics and 

thereby the overall solar cell performance. As shown in figure 5, the best performing PVSK 

solar cells have a complex structure comprising multiple interfaces: FTO/c-TiO2+mp-

TiO2/PVSK/organic based HTL/Au. Efforts are being made to observe the dynamical processes 

taking place within the complete device under solar cell operating conditions (section 3) [356, 

357]. Except for a small number of studies [80, 358], often the description of fundamental 

aspects in PVSK materials are based on static cases by comparing pristine and/or fresh film 

condition with its after treatment conditions (such as after an annealing treatment, gas-

exposure, solar cell operation, etc.). For instance, (i) optical properties of perovskite films by 

UV-vis and PL; (ii) perovskite structural determination by XRD; (iii) valence band and 

conduction band energy levels determination by photoemission and inverse photoemission 

spectroscopy techniques [98, 106, 115]; (iv) microstructure and morphologies by scanning 

probe microscopy (SPM) techniques were intensively employed as characterization tools in 

PVSK materials with minimum external stimulus (minimized “perturbation”) during a 



   31 

measurement [359, 360]. However, it is also important to evaluate how much the external 

environment and probing source (e.g., visible light, X-ray, bias, etc.) of an analytical tool are 

influencing PVSKs under measurements [135, 361]. Moving one step further, these external 

stimuli [362] can be even used strategically and controllably to probe a real-time dynamical 

process taking place in PVSK materials (figure 2b) and solar cells (figure 3). Synchrotron 

radiation (SR) techniques have been used to study PV device dynamics under a number of 

different stimuli such as cooling/heating, current/voltage, light, and environmental stressing 

conditions (so called in operando measurements). In operando measurements were 

demonstrated on CH3NH3PbI3-based solar cell by designing a sample stage for simultaneous 

current-voltage curves dependent measurements on temperature and SR X-ray diffraction 

[363]. A detailed correlation between perovskite crystal structure and current-voltage profiles 

were measured simultaneously on the same device sample, yielding insights into the tetragonal-

to-cubic phase transition temperature (60.5 ~ 65.4 oC). Such in operando measurements shed 

light on the dynamics of perovskite solar cells under working conditions. The earned 

knowledge is expected to lead to a new wave of technological advances in PVSK solar cells. 
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