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Perovskite Materials: Application 
Perspective

Krzysztof (Kris) Iniewski, Wanyi Nie, Yuki Haruta, 
and Makhsud Saidaminov

1 � Introduction

Perovskite is a calcium titanium oxide mineral, with the chemical formula of CaTiO3. 
The mineral was discovered in the Ural Mountains of Russia by Gustav Rose in 1839 
and is named after the Russian mineralogist Lev Perovski (1792–1856). The terms 
“perovskite” and “perovskite structure” are often used interchangeably, but while true 
perovskite (the mineral) is formed of calcium, titanium, and oxygen in the form 
CaTiO3, the perovskite structure is anything that has the generic form ABX3 and the 
same crystallographic structure as perovskite mineral. The simplest way to describe 
ABX3 perovskite structure is as a cubic unit cell with B in the center, X on the faces, 
and A in the vertices of the unit cell. In halide perovskites, X is a halogen (Cl−, Br−, 
I−), B is a divalent cation typically Pb2+ and/or Sn2+, and A is a large monovalent cation 
such as Cs+, CH3NH3

+. From here on, we will focus on halide perovskites.
Perovskite’s potential applications include catalyst electrodes, solar cells, lasers, 

memory devices, X-ray and gamma ray sensors, and spintronic applications. The 
book covers these applications in more depth in the following chapters, so the intent 
here is to provide some general guidance. Several chapters in various books and 
review papers can be referenced for earlier reports on perovskite materials [1–8].

Depending on the composition, perovskites can have an impressive array of 
interesting properties including wide bandgap tunability, nonlinear optics, 
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ferroelectricity, charge ordering, spin-dependent transport, and others. Perovskites, 
therefore, hold exciting opportunities for physicists, chemists, and material scien-
tists. Over the last two decades, halide perovskites (HPs) have been identified as one 
of the most promising materials in photovoltaic and light-emitting devices. This has 
led to major breakthroughs in materials science.

Recent advances in halide perovskite materials have resulted in impressive gains 
in solar cells, photon detectors, and light-emission diodes. This chapter briefly 
reviews recent advancements in perovskite materials for high-energy photon sens-
ing and contrasts them against state-of-the-art semiconductors, as well as conven-
tional scintillators. A new startup company Actinia is described as a case study.

Although the first halide perovskite (CsPbX3) was already reported in 1893 [9], 
this class of materials received widespread attention only in the last 10 years. The 
technology development has been driven by the solar cell field since 2009 [10], and 
its X-ray detection capability has been recently recognized as a possibility to adopt. 
The development of the process to fabricate mm-scale perovskite single crystals 
paved the way for X-ray detection applications.

Halide perovskites do not perform well under very high-flux conditions, creating 
a barrier to entry into applications like computed tomography (CT); therefore, 
perovskite is not a significant threat to traditional semiconductor devices at the 
moment. But due to unique material properties, perovskites will likely find some 
entry points where low cost, ease of manufacture, and mechanical flexibility are 
attractive. They will likely displace some low-end scintillator solutions and perhaps 
with time applications like mammography/breast imaging where the flexible shape 
might be of premium.

It is challenging to forecast how this technology will move forward as every day 
new perovskite research papers are published. The citations of the first perovskite 
solar cell paper [10] have reached over 14,000  in 12  years, and the research on 
perovskite X-ray detectors is also accelerated (Fig. 1). Things can change quickly as 
perovskite materials have been very successful in raising research funds from both 
state and private sectors. Therefore, this chapter offers a sampling perspective in 
2022. An example of recent government funding activity is Peroxis, an EU-funded 
research consortium (https://peroxis-project.eu/consortium/). Its objective is to 
develop a groundbreaking highly sensitive and high spatial resolution direct X-ray 
detection technology that will greatly improve the diagnosis of major diseases such 
as cancer, infectious, degenerative, or cardiovascular diseases. The consortium part-
ners are CEA, Trixell, Siemens, University of Jaume (Spain), Philips and TNO, and 
Neel. Similar grant initiatives have been announced in the USA and other countries.

1.1 � Perovskite as a Photovoltaics

Solar cells are currently the most prominent perovskite application, as perovskites 
are recognized as potential inexpensive base materials for high-efficiency commer-
cial photovoltaics. Perovskite photovoltaics (PVs) are constantly undergoing 

K. (Kris) Iniewski et al.

https://peroxis-project.eu/consortium/


3

Fig. 1  Number of “perovskite X-ray detector” papers retrieved from Web of Science as of October 
24, 2022

research and improvement, going from just 3.8% efficiency in 2009 to over 25% in 
2022. Market research forecast that the market for perovskite PV will reach $214 
million in 2025 [11].

The original perovskite photovoltaics started as a simple variant of dye-
sensitized solar cells (DSSCs) in which a perovskite was just a dye [10] but the 
device structure has been evolving toward the planar architecture. Perovskites 
offer a significant advantage over silicon in PV applications since perovskites 
react to a broader range of visible light frequencies. In addition, perovskite PVs 
offer additional attributes like flexibility, semi-transparency, lightweight, and low 
processing costs [12].

Besides, the bandgap of perovskites can be tuned widely (~1.2 to ~3.0 eV). This 
creates an opportunity in pairing them up with low bandgap PV technology like sili-
con PVs, which will result in improved efficiency as tandem solar cells and will 
matter in a highly competitive market where system costs and performance levels 
depend on efficiencies.

The technology is, however, not fully commercially ready yet, and perovskite 
PVs will need to face several challenges before commercialization. Among these 
issues are the cells’ long-term durability and toxicity (the risk is that these devices 
may release lead, a highly toxic element, into the environment). To avoid these 
issues, encapsulation technologies are being developed. A number of chapters in 
this book address photovoltaic applications.

Perovskite Materials: Application Perspective
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1.2 � Perovskite in X-ray Imaging

In addition to application in solar cells, the realization of perovskite-based X-ray 
imaging devices is expected as they show some promising properties such as a high 
X-ray sensitivity. Market research predicts that perovskite X-ray detectors will open 
new applications for X-rays, expanding what is already a multibillion-dollar indus-
try [13]. More efficient imagers would draw less power, lending themselves to por-
table machines that run on batteries. Researchers have demonstrated a variety of 
tunable, color-emitting perovskite nanocrystals. That work could lead to multicolor 
X-ray displays, which are impossible with today’s scintillator X-ray machines. 
Research continues in both indirect detection scintillator materials and direct con-
version semiconductors. And because they use flexible substrates, perovskite imag-
ers could conform to whatever is being scanned. Faster, more sensitive imagers 
might also reduce the radiation from dental and medical X-rays and airport security 
scanners.

One of the biggest issues in PV application, which is instability against the mois-
ture, is not significant for X-ray imagers application because the environmental con-
ditions they will face are more benign. In addition, one can wrap the detector in 
different materials while still seeing good X-ray penetration into it, which is not 
necessarily the case with a PV system that needs to absorb solar radiation effi-
ciently. Solar panels need to perform even after 20 years, typically exposed to heat 
and light, both of which can degrade the perovskite compound. X-ray machines, by 
contrast, are typically used in climate-controlled settings. For these reasons, many 
researchers including us believe perovskite X-ray detectors will be commercialized 
much more quickly than other perovskite applications.

A big obstacle to the market is the lack of a scalable fabrication process for 
perovskite X-ray imagers. Although X-ray imagers require enough area comparable 
to the imaging area for the X-ray absorbing layers, the fabrication of such a large 
perovskite single crystal is still challenging. Polycrystalline perovskite thick films 
prepared by some scalable processes have been reported, but the X-ray detection 
performance is not enough compared to the single crystal-based devices and so 
needs to be improved [14].

1.3 � Perovskite Quantum Dots and Lasers

Perovskite quantum dots (PQDs) are a class of quantum dots based on perovskite 
materials. While these are relatively new, they have already been shown to have 
properties matching or surpassing those of the metal chalcogenide QDs: they are 
more tolerant to defects and have excellent photoluminescence quantum yields and 
high color purity. Such attractive properties are extremely suited for electronic and 
optoelectronic applications, and so PQDs have significant potential for real-world 
applications, some of which are already emerging, including LED displays and 
quantum dot solar cells [15].

K. (Kris) Iniewski et al.
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As direct bandgap semiconductors, perovskites exhibit the unique optical prop-
erties of bandgap tunability, charge-carrier mobility, defect tolerance, photolumi-
nescence quantum efficiency, and power conversion efficiency. These properties 
make them promising light-emitting materials for high optical gain, low-threshold, 
and multicolor laser applications. The fact that they can be fabricated from low-cost 
precursors via simple processes makes them attractive as well.

Researchers have found that organometal halide-based perovskites (a combina-
tion of lead, organics, and halogens arranged into a perovskite crystal structure in 
the solid state) could be very suitable for making optoelectronic devices since they 
can be processed in solution and do not need to be heated to high temperatures. This 
means that large-area films of these materials can be deposited onto a wide range of 
flexible or rigid substrates. The perovskites also have an optical bandgap that can be 
tuned in the visible to infrared regions, which makes them very promising for a 
range of optoelectronic applications. These materials also emit light very strongly, 
which makes them very suitable for making LEDs. The wavelength of the light 
emitted by the perovskites can be easily tuned, which could make them ideal for 
color displays and lighting and in optical communication applications.

However, a major obstacle is that electrons and holes only weakly bind in 
perovskite thin films. This means that excitons (electron-hole pairs) spontaneously 
dissociate into free carriers in the bulk recombination layer, leading to low photolu-
minescence quantum efficiency (PLQE), high leakage current, and low luminous 
efficiency. This obviously impairs perovskites’ ability to create high-performance 
LEDs, and for perovskite materials to make a comparable impact in light emission, 
it is necessary to overcome their slow radiative recombination kinetics. Researchers 
will have to find ways of effectively confining electrons and holes in the perovskite 
so that they can “recombine” to emit light. Major progress is already being made in 
this field, and it seems that perovskites might indeed open the door to a low-cost, 
color-tunable approach to LED development. One chapter in this book is devoted to 
this exciton problem.

2 � Perovskites for X-Ray and Gamma-Ray Detection

2.1 � Motivation

The interest in perovskites started with highly efficient photovoltaic cells. 
Researchers were also exploring perovskites’ potential in transistors and LED light-
ing. There is yet another use for halide perovskites, likely the most promising of all: 
as X-ray and gamma-ray detectors. What makes perovskites so useful for X-ray 
detection is the same thing that makes them good for solar cells: they are excellent 
at converting photons into electrical charge. In a direct detector, X-ray photons are 
converted into electrons inside a semiconductor. In a scintillator imager, the X-ray 
photons are first converted into visible photons, which are then converted into elec-
trons by a photodiode array. Interestingly, perovskites can be manufactured and 
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used as either direct conversion detectors (like silicon, CdTe, or CZT) or as tradi-
tional indirect scintillator materials (incumbent technology for X-ray detection) [6].

Many companies exploring this area and major X-ray imaging manufacturers are 
considering perovskite for their next-generation X-ray machines. Compared with 
today’s X-ray imagers, detectors based on perovskite compounds can be more sen-
sitive and use less power. And for certain applications, the materials can be tuned to 
emit color when irradiated.

Other researchers have demonstrated perovskites in direct X-ray detectors with 
superior performance to that of commercial imagers, but low-performing silicon or 
selenium is typically used in these comparisons. Research into perovskite materials 
for X-ray detection remains fertile. At the recent 2021 IEEE NSS MICS RSTD 
conference, there were more research papers on perovskites than on traditional 
CdTe and CZT semiconductor detectors [16–30]. Interestingly, there was a lack of 
any big original equipment manufacturers (OEMs) or startups presenting, which is 
an indication that the technology development is still in the research phase, with no 
clear indication of technology transfer or attempts to build commercially viable 
devices. We expect this trend to continue at the 2022 IEEE NSS MICS RSTD con-
ference which at the time of this writing is about to start in Milano.

In addition to the ongoing material research activity that may benefit the devel-
opment of new ionizing radiation detectors, it is attractive that the Pb-halide 
perovskites can be grown and processed in solution at relatively low temperatures 
and that the basic raw materials are earth-abundant. Furthermore, the APbX3 
perovskites have reasonably high density and high-Z elements (e.g., Pb, Cs, I), 
which are helpful in a radiation detector to stop and convert the incident X-ray or 
gamma photon to electron-hole pairs.

The lead-halide perovskites exhibit so-called defect tolerance, which is partly 
credited for transport properties beneficial in solar cells and high quantum yield 
from nanocrystals in LEDs. Defect tolerance is taken here to mean that defect trap 
levels lie within the bands rather than in the bandgap or are shallow if within the 
bandgap. Reviews and explanations have been offered in the literature and further in 
this book. The attractive properties of metal halides are accompanied by the fact that 
such salts generally are soft insulators prone to point and line defects. Many of the 
electron trap levels that would appear within the bandgaps of most other halide 
insulators become enveloped within the Pb-derived conduction band that is mainly 
responsible for narrowing the gap from typical metal halide insulators to APbX3 
semiconductors [31–33].

As suggested by the branching in the lower part of Fig. 2, it appears that lead-
halide perovskites may be poised to furnish radiographic detectors by two different 
routes, one depending on defect tolerance-associated carrier lifetime in semicon-
ductor mode for direct radiographic detection and the other depending on high 
quantum-yield light emission from excitons in semiconducting quantum dots (QDs). 
The following two sections examine these two paths separately. Section 2.2 focuses 
on the right branch seeking to exploit scintillating light emission for indirect radiog-
raphy. Section 2.3 focuses on examining progress along the left branch using charge 
collection.

K. (Kris) Iniewski et al.
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Fig. 2  Activity in photovoltaic and LED research on perovskites may be leveraged for two cor-
responding routes to radiation detection, particularly X-ray radiography and gamma ray spec-
troscopy [6]

2.2 � Perovskites as Scintillators

Prospects for making room-temperature perovskite scintillators benefited from 
research and development on perovskite light-emitting diodes (LEDs), where it had 
been found that perovskite nanocrystals as light emitters avoid the room-temperature 
quenching of luminescence that occurs in extended 3D bulk crystals. The retention 
of light emission at room temperature in nanocrystals is generally attributed to the 
quantum confinement of electrons and holes together. Inorganic CsPbBr3 or hybrid 
(CH3NH3)PbBr3 (=MAPbBr3) might attain a scintillation light yield as high as 156 
photons/keV [6]. To realize them, an understanding of how the thermal quenching 
in microscopic and macroscopic crystals occurs and how quantum confinement 
defeats room-temperature quenching would be helpful. Although various strategies 
have been proposed to solve these fundamental perovskite scintillator problems, the 
applications in the industry are still challenging. On the other hand, the second path 
of using perovskites as direct detectors looks more promising as discussed below.

2.3 � Perovskites as Direct Detectors

The research on perovskite direct X-ray detectors was triggered by the development 
of facile growth methods which provide high-quality mm-scale perovskite single 
crystals. In 2015, high-quality, hybrid perovskite single-crystal growth was first 
published using a low-cost, rapid growth technique, now known as inverse tempera-
ture crystallization (ITC) [34–37]. Soon thereafter, large, ongoing research efforts 
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have been placed in a variety of areas in solution-based hybrid perovskite single-
crystal growth. There are a variety of other efficient solution-based growth tech-
niques that have been successfully demonstrated to produce high-quality single 
crystals of hybrid and non-hybrid perovskite single crystals. These include anti-
solvent vapor diffusion, temperature-lowering methods, and slow solvent evapora-
tion [38].

Although the solution-based methods have been the most popular method for 
perovskite single-crystal growth, some groups have turned to melt growth methods 
for high-quality inorganic perovskite crystal growth (e.g., CsPbBr3). This method 
provides accurate control to produce high-quality single crystals. However, in the 
realm of hybrid perovskites, this method cannot be used because the organic com-
ponents in hybrid perovskites will be decomposed or volatilized.

Thanks to those developments in mm-scale single-crystal growth, many 
perovskites’ direct X-ray detectors have been reported. As provided in the recent 
review paper [39–44], excellent X-ray detectors with high X-ray sensitivities over 
104 μC Gy−1 cm−2 and low detection limits below 10 nGy s−1 have been reported. 
The sensitivity and detection limit of the perovskite X-ray detectors are several 
orders higher and lower than conventional detectors (amorphous Se, HgI2, and 
CdTe), respectively. While those reports are supporting the promising future of 
perovskite-based direct X-ray detectors, further scale-up for imaging devices is still 
challenging. Therefore, polycrystalline thick films that can be easily scaled up for 
imaging devices are recently developed and described in one of the chapters in 
this book.

2.4 � Perovskites as Flexible X-Ray Detectors

The world around us consists of a myriad of objects with curved geometries and 
complex surfaces, yet most sensors and detectors that we use to study them are rigid 
and planar. Confronting this incompatibility will allow for applications impossible 
to realize with current technologies. Ultra-flexible, low-cost, and highly sensitive 
high-energy radiation detectors are of great interest to the fields of medical diagnos-
tics, dosimetry, industrial inspection, security, and defense. Low weight and high 
conformability of X-ray wearable dosimeters are appealing features for astronauts, 
nuclear power plants, and laboratory workers, as well as for imagers used in struc-
tural inspection and cultural heritage preservation. This research area is part of the 
major trends in electronics industry of producing flexible electronics/sensors 
products.

State-of-the-art solid-state X- and gamma ray detectors for large-area applica-
tions based on silicon (Si), amorphous selenium (a-Se), and cadmium (zinc) tellu-
ride (CdTe/CdZnTe) are mechanically stiff, difficult to scale up, and require high 
operating voltage. Organic semiconductors were the first group of materials that 
was able to overcome these issues, offering liquid phase, low-temperature, and low-
cost deposition techniques that are scalable to large flexible substrates. Mechanical 
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flexibility, high X-ray sensitivity (up to 1.3 × 104 μC Gy−1 cm−2), and low limit of 
detection (down to 0.29 μGy s−1) have been demonstrated for both organic single-
crystal and thin film direct X-ray detectors. Despite these encouraging results, 
organic semiconductors are intrinsically low-Z materials, therefore resulting in sub-
par high-energy photon absorption. Blends of organic semiconductors and heavy 
inorganic nanoparticles or lead-based quantum dots have been proposed to over-
come such issues. On one hand, this approach offers a strategy to improve the mate-
rial attenuation fraction, but on the other hand, it is intrinsically limited by the 
maximum nanoparticle concentration that can be dispersed in the blend before clus-
tering and agglomeration occur, resulting in electronic transport degradation.

Recently, lead-halide perovskites emerged as an auspicious novel material fam-
ily for X- and gamma ray detection. Their success can be attributed to strong absorp-
tion of ionizing radiation due to the presence of heavy atoms (e.g., Pb, I, and Br), 
high charge carrier mobilities, long exciton diffusion, long charge carrier lifetime, 
and excellent optical properties. Single-crystal and thick-film perovskite X-ray 
detectors have been the focal point of current research, often incorporated in a lat-
eral photoconductor radiation detector architecture. This kind of device shows out-
standing sensitivity as well as fast, stable, and reproducible responses. Increasing 
the thickness of crystals or films has been the primary way to raise the total radiation 
absorbance and thus improve the detector efficiency. Nevertheless, limited attention 
has been devoted to thin-film perovskite ionizing radiation detectors. Vertical con-
figuration photodiode architecture based on thin films allows for lower dark current 
and faster response and stands out as the only viable candidate for flexible device 
implementation.

2.5 � Case Study: CsPbBr3

Actinia (https://actiniadetectors.com/) is developing one of the most studied 
perovskite materials, CsPbBr3, that features a large bandgap of 2.3 eV which ensures 
low dark currents and robust performance well above room temperature. CsPbBr3 
has a pseudo-cubic perovskite structure (Fig.  3). Compared to organic-inorganic 
hybrid perovskites, the all-inorganic CsPbBr3 perovskite features great advantages 
in chemical and device stability, due to the lack of organic molecules, while also 
exhibiting top-of-the-line performance that rivals the best room-temperature semi-
conductors. Unlike such materials, however, detector-quality CsPbBr3 is inexpen-
sive to synthesize, uses readily available starting materials, and tolerates crystal 
defects well.

Actinia has developed proprietary growth methods for high-quality crystal 
growth of CsPbBr3. Growing crystals of CsPbBr3 using Actinia’s techniques has the 
advantage of producing size-controllable high-purity single crystals and provides a 
feasible path to mass production for commercial X-ray detection applications. 
Actinia’s proprietary technology and methods produce large, high-performing 
CsPbBr3 crystals. Actinia’s CsPbBr3 devices exhibit high-energy discrimination 
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Fig. 3  CsPbBr3 ingot produced by the other Actinia (middle) and three-dimensional (3D) 
perovskite structures of CsPbBr3 (right)

ability and high X-ray sensitivity under a variety of X-ray sources with a continuum 
energy spectrum. The details of the performance can be found in these published 
papers [27–30]. The performance of the Actinia detectors can be summarized using 
Nature Photonics Abstract [27]: “Halide perovskite semiconductors are poised to 
revitalize the field of ionizing radiation detection as they have done to solar photo-
voltaics. We show that all-inorganic perovskite CsPbBr3 devices resolve 137Cs 662-
keV γ-rays with 1.4% energy resolution, as well as other X- and γ-rays with energies 
ranging from tens of keV to over 1 MeV in ambipolar sensing and unipolar hole-
only sensing modes with crystal volumes of 6.65 mm3 and 297 mm3, respectively. 
We demonstrate the scale-up of CsPbBr3 ingots to up to 1.5 inches in diameter with 
an excellent hole mobility–lifetime product of 8 × 10−3 cm2 V−1 and a long hole 
lifetime of up to 296 μs. CsPbBr3 detectors demonstrate a wide temperature region 
from ~2 °C to ~70 °C for stable operation. Detectors protected with suitable encap-
sulants show a uniform response for over 18 months. Consequently, we identify 
perovskite CsPbBr3 semiconductor as an excellent candidate for new-generation 
high-energy γ-ray detection.”

3 � Perovskite Material Properties

3.1 � Perovskite Material Characterization

Once single crystals are grown and harvested from the solution, it is important to 
characterize them to ensure high quality, proper composition, and desired proper-
ties. In principle, this is not different than for CZT. There are abundant characteriza-
tion techniques developed in the literature to understand the properties of hybrid 
perovskite single crystals, but the most important properties belong to structural, 
optical, and electronic categories for semiconductor device development.

When single crystals are first grown and harvested from solution, a well-utilized 
tool to initially characterize the quality of the growth is a visual inspection. When 
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the bromide- and chloride-based crystals are grown, they are transparent. When 
visually inspecting a single crystal, it is important to look for various signs. The 
most common visual inspection for these types of single crystals among the com-
munity relies on the transparency of the crystals without distortion of imagery or 
graphical lines placed underneath the crystal. However, if the crystal is not transpar-
ent or cloudy or even slightly distorts the image below, one can speculate on the 
quality of the crystal growth through a relative concentration of defects or micro-
cracks in the bulk of the crystals. In the case of nontransparent single crystals, like 
the black, iodide-based single crystals, transparency cannot be utilized for quality 
checks. Instead, the quality inspection here comes from the smoothness and mirror-
like finishes of the crystal faces. Other visual inspections include checking for 
smooth parallel sides without curvature for cubic crystals and sharp edges.

The visual inspection is a first, simple step to initially speculate on the quality of 
the bulk material; however, phase and defect concentration are very important prop-
erties in these materials for semiconductor applications and must be quantified 
properly. Powder X-ray diffraction (XRD) is commonly used to study the crystal 
structure of single crystals. In this method, the single crystal is finely ground into 
powder and an XRD pattern is collected. The data is then matched to the pure com-
pound from a crystallographic database to ensure that the material is in the proper 
phase (i.e., MAPbBr3 = cubic, MAPbCl3 = cubic, MAPbI3 = tetragonal for room-
temperature structures). Other X-ray diffraction techniques can be used to under-
stand imperfections in the crystallographic structure throughout the material such as 
Laue diffraction patterns to characterize the alignment of the crystal faces and high-
resolution XRD (such as rocking curves) to see any deviations in the crystal struc-
ture. Temperature-dependent XRD can also be used to understand structure 
transitions such as in MAPbI3 which undergoes a transition from cubic to tetragonal 
phase around 330 K and another transition to the orthorhombic phase around 160 K.

The next common characterization deals with quantifying defect concentration 
and characterizing the types of defects that directly play an important role in semi-
conductor optoelectronic applications. There are a wide variety of experimental 
techniques including secondary ion mass spectrometry, positron annihilation spec-
troscopy, X-ray measurements, electrical measurements, and optical measurements. 
Electrical measurements such as space charge limited current (SCLC) and Hall 
measurements can be also used to quantify defect concentrations. Meanwhile, other 
common techniques include the time of flight and temperature-modulated tech-
niques to determine the levels of traps within the bandgaps, which helps to under-
stand the roles of traps in charge transport processes. Again, similar techniques are 
used in the CZT world so there is little new here.

The following techniques to continue characterizing As-grown perovskite single 
crystals use optical spectroscopy. Absorption is used to directly measure the band-
gap and states that below the gap, photoluminescence can be a close substitute for 
estimating the bandgap and trap density of the material. When they are excited by 
an absorbable wavelength, the excited states relax from the conduction band to the 
valence band, and the corresponding energy is released via light such as 
photoluminescence.

Perovskite Materials: Application Perspective
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3.2 � Perovskite Electronic Properties

The electronic band structure, charge transport, traps, and defects depend on the 
perovskite compositions and the crystal growth conditions. Here, we discuss the 
general electronic properties of perovskites relevant to radiation detection applica-
tions. Lead-halide perovskites have a strong radiation stopping power due to their 
high effective atomic number (consists of heavy elements like Pb, Cs, halides, etc.) 
and high density. The linear attenuation coefficients of hybrid perovskite materials 
(MAPbI3, CsPbBr3, 2D perovskite, and double perovskite) are comparable to con-
ventional CZT and much higher than Si. Therefore, the quantum efficiency of a 
MAPbI3 crystal with a 2 mm thickness (density 4.15 g/cm3) for a radiation photon 
with an energy of 100 keV is about 99.9% (assuming the photon deposits all its 
energy in the crystal and all the electron-hole pairs generated are collected). Even at 
an energy of 300 keV, photoelectric absorption is the dominant interaction mecha-
nism and Compton scattering is much smaller. The inorganic CsPbBr3 perovskite 
has an even higher attenuation coefficient. Due to the tunable nature of the material 
compositions, other high atomic number elements can also be incorporated into the 
perovskite materials to further increase the stopping power. Cs2AgBiBr6 double 
perovskite is one example of high detection efficiency. Moreover, using the optical 
bandgap (Eg), one can estimate the ionization energy or the free electron-hole pair 
creation energy (W) using empirical relation W = ~3Eg. The bandgap for common 
perovskites falls within the range of 1.1–2.5 eV, which translates to ionization ener-
gies in the range of 3.3–7.5 eV comparable to 4.6 eV in CZT.

3.3 � Perovskite Charge Transport Properties

Due to strong spin-orbit coupling, the electron and hole effective mass in MAPbI3 is 
reduced to 0.1–0.3 of m0. These effective mass values are comparable to Si. However, 
the carrier mobilities in halide perovskites are lower than that of Si. Depending on 
the measurement technique used and the quality of the single crystal, the chaptered 
electron and hole mobility values for MAPbI3 are in the range of 24–800 cm2/Vs. 
This range is large, indicating that many samples at the low end of reported mobili-
ties were likely inferior, e.g., containing many trapping centers that lower the mea-
sured mobilities. In addition, the temperature dependence of mobility measurements 
indicates that these modest mobility values are mainly due to the scattering of elec-
trons with longitudinal-optical phonons. Notably, the reported electron and hole 
mobilities are in the same range, which is consistent with effective mass. Therefore, 
ambipolar charge transport in lead-halide perovskites is ideal for the efficient extrac-
tion of both electrons and holes.

On the other hand, the perovskites have long carrier lifetimes and diffusion 
lengths [20]. The reported lifetimes of MAPbI3 are around 10–17 μs while a record 
lifetime of CsPbBr3 which is more than 25 μs has been reported [27]. The long 
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lifetimes also make up for the modest mobility values and result in mobility-lifetime 
(μτ) products comparable to CZT materials. It might be worth noting here that some 
of these materials, CsPbBr3 for example, are hole-dominant materials. The reported 
μτ product values for MAPbI3, MAPbBr3, and CsPbBr3 are 0.8  ×  10−3  cm2/V, 
1.2 × 10−2 cm2/V, and 1.33–1.69 × 10−3 cm2/V, respectively [1–8]. In addition, a high 
μτ product of 1.8 × 10−2 cm2/V for mixed-halide MAPbBr2.94Cl0.06 has been obtained 
by doping MAPbBr3 with Cl.

Low trap state densities in the range 109–1010  cm−3 have been reported for 
solution-grown halide perovskite single crystals, again comparable to CZT. Using 
Bridgman melt growth method, centimeter-sized CsPbBr3 crystals with impurity 
levels below 10 ppm for a total of 69 elements have also been obtained. The experi-
mental results are consistent with theoretical studies which indicate that dominant 
intrinsic defects are shallow traps while deep defects located near the middle of the 
bandgap are unlikely to form due to high enthalpy of formation. This “defect toler-
ance” in perovskites has been attributed to the strong lone pair in Pb s-orbital, anti-
bonding coupling in I p-orbital. Due to the low density of electrically active defects 
in halide perovskites, charge carriers excited by radiation can be extracted without 
being trapped. Moreover, the defect tolerance nature of perovskites also gives rise 
to radiation hardness.

4 � Looking Ahead

What is ahead for perovskite materials? Research funds will likely continue to pour 
into this technology. Perovskite materials, after all, exhibit intriguing and unusual 
physical properties that will be extensively studied for both practical applications 
and theoretical modeling, and the materials science and applications of perovskites 
have already been a broad research area open to many revolutionary discoveries for 
new device concepts. At least 10,000 research papers have been published on this 
topic already.

It is generally recognized that it takes 20–30 years in materials science to reach 
production maturity although in the perovskite case one might argue it will be short-
ened, say down to 10–15 years, due to widespread application space and universal-
ity of the material solutions offered. That puts 2035 as a year of commercial 
deployment and 2030 as a year with some product samples being demonstrated. We 
forecast that low-end scintillator applications will be the first to use perovskite tech-
nology on par with some new unique applications that explore perovskites’ unique 
properties like the flexibility of the substrate material. The perovskite mantra will be 
unique (flexibility in shape), low cost, and easy to manufacture (e.g., in amorphous/
polycrystalline shape). But performance needs to follow if this is to become a real 
contender in the radiation detection space.

Perovskite Materials: Application Perspective
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Perovskite Thin Film Growth Techniques

Cheng-Hung Hou and Wanyi Nie

1 � Introduction

Perovskite semiconductors are low cost, solution processible materials that have 
enabled exciting optoelectronic devices. In addition to single crystals, perovskite 
polycrystalline thin films are widely utilized in optoelectronic devices that adapt a 
thin-film device architecture. Depositing a uniform perovskite thin film with desir-
able properties has been an essential task for the development various optoelec-
tronic devices, including photovoltaics, light-emitting diodes, and photo-detectors. 
Spin coating is a widely used fabrication tool for lab-scale device fabrication. The 
uniformity and film thickness can be finely tuned by solution concentration, viscos-
ity, and the spin-coating speed. In perovskite photovoltaic research, thin-film engi-
neering approaches have been extensively investigated based on spin-coating 
methods. However, for building large devices, like solar panels at meter-scales, 
alternative coating methods need to be explored. And the optimal coating parame-
ters can vary depending on the thin-film deposition mechanisms.

Here in this chapter, we will introduce the thin-film fabrication methods that are 
mainly used for perovskite photovoltaic development. We will first introduce lab-
scale, spin-coating method for building perovskite thin films. One-step, two-step, 
and antisolvent processing methods are described which are popular way of making 
perovskite solar cells. Next, we will focus on large-scale solar cell fabrication tech-
niques, such as spin coating, D-bar coating, chemical vapor deposition (CVD), 
blade coating, and slot-die coating. Among the solution-based approaches, we 
found that D-bar coating, blade coating, and slot-die coating are popular for build-
ing perovskite solar panels. CVD is a dry fabrication method where solvent residual 
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would not be not a concern. A precisely controlled deposition rate is possible with 
CVD which can produce ultra-uniform layer.

2 � Lab-Scale Thin-Film Fabrication

Spin coating is the most thoroughly investigated and optimized deposition method 
for perovskite thin-film fabrication. Briefly, a motor can rotate the substrate from a 
few hundred to thousands of rams per minute (RPM). Once a small quantity of pre-
cursor is dropped on the substrate, the motor starts to spin and the solvent evapo-
rates as the spin speed increases. Once all the solvent escapes from the liquid, a 
solid film deposition is completed. Normally, a post-annealing step is needed to 
drive away all the residual solvent which also completes the perovskite crystalliza-
tion. It is a prevailing approach for making small-area devices. Significant amounts 
of efforts are invested in thin-film crystallinity and uniformity control via spin-
coating methods to produce high-quality optoelectronic devices. Since the perovskite 
optoelectronics typically have a thin absorber of <500 nm, making a uniform, high-
quality film has a direct impact on the efficiency of the devices. Because 3D and 2D 
perovskites have different transport properties, different film-making strategies are 
employed. The next sections will introduce the different ways of making high-
quality films for each structure.

2.1 � 3D Perovskite Thin-Film Deposition

The main challenge of making 3D perovskite thin film is obtaining full coverage, 
high degree of crystallinity, large grain size, and low surface roughness. If defects 
are not a concern in the thin film, once the correct perovskite phase is fully con-
verted delivering the expected optical band gap and the film is uniformly produced 
with a low surface roughness (< 10 nm), the solar cells made with these films should 
output a high-power conversion efficiency. In reality, the pin hole, defects, and grain 
boundaries often play deterministic roles in the final performances. A perovskite 
thin-film device is typically made in a “sandwich” device architecture (Fig.  1a) 
where two doped contacts (called selective contacts) are placed on each side of the 
intrinsic perovskite layer forming a p-i-n junction. Thin metal films are deposited on 
top of the selective contacts serving as the metal leads for current signal readout. If 
a single pin hole is present in the film as illustrated in Fig.  1b, the current will 
directly flow between the top and bottom electrodes causing a current leakage in 
the diode.

To eliminate the pin hole problem, extensive thin-film fabrication methods have 
been reported. The most straightforward method is to directly coat perovskite pre-
cursor on the substrate. The precursor contains lead iodide (PbI2) and organo-halide 
salt (e.g., methylammonium iodide, MAI) in a common organic solvent, such as 
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Fig. 2  Schematic illustration of the (a) two-step coating method and (b) antisolvent spin-coating 
method for producing uniform perovskite thin films

dimethylformamide (DMF), dimethyl sulfoxide (DMSO), or other polar solvents. 
Upon solvent removal, PbI2 makes contact with MAI for perovskite phase conver-
sion, and the perovskite crystalline grains start to grow. However, this method lacks 
control over the nucleation and reaction rate which often yields porous films. To 
circumvent this problem, more coating methods have been explored. The next 
method is called a “two-step” [1] fabrication approach as illustrated in Fig. 2a. In 
brief, PbI2 solution is first coated on the substrate producing a pure PbI2 thin film. 
After drying, an organo-halide precursor dissolved in a different organic solvent 
(usually an alcohol) is coated on the PbI2 forming a double layer. A post-annealing 
step is performed after the two-step coating, promoting the perovskite phase 
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conversion in the wet film. And the annealing step also promotes a larger grain 
growth in the solid phase. This method will allow more control over the reaction and 
crystal growth rate in solid phase, yielding more uniform coating.

Another popular method that is currently widely employed is called “antisol-
vent” method. This approach is illustrated in Fig. 2. Briefly, a perovskite solution is 
first dropped on the substrate and spin coating starts. After the initial spinning stage, 
the precursor spreads over the substrate, and part of the solvent gets vaporized leav-
ing a wet film. At a certain time stamp, an antisolvent that does not dissolve the 
perovskite precursor nor coordinate with the materials is quickly dropped onto the 
wet film. The antisolvent extracts the residual solvent that initiates the crystalliza-
tion. After the spin-coating process, a post-annealing step is necessary to further 
promote the crystalline grain to grow. A variety of antisolvents have been investi-
gated, most commonly used antisolvents include ether, toluene, chlorobenzene, etc. 
[2–5]. A proper choice of antisolvent is critical for making high-performance 
solar cells.

It is worth mentioning that to achieve the best film quality, a solvent additive 
such as DMSO is often added in the perovskite precursor in the “antisolvent” 
method. DMSO coordinates with the lead iodide in the precursor that retards the 
crystallization rate which is the key to fabricate uniform layers [6]. However, the 
DMSO-additive coupled with antisolvent method also possesses a narrow time win-
dow of producing high-quality film [7]. Specifically, the antisolvent must be dripped 
at a precise time stamp, i.e., 5–10 seconds after the high-speed coating starts. Once 
missing this time window, a porous structure can be produced which will harm the 
device performance [5, 8]. Although the antisolvent engineering and the two-step 
sequential solution deposition have been widely studied to realize the fabrication of 
high-performance small-area devices, these two approaches are not necessarily 
compatible with the high-throughput thin-film fabrications. For instance, the narrow 
time window of dripping the antisolvent can be a problem when producing larger 
panels. If the antisolvent does not arrive everywhere on the panel all at the desired 
time stamp, then high-quality film is not deposited through the full area of the panel. 
The resulting power conversion efficiency of the solar panel is capped by the poor-
est sub-cell.

To widen the time window, Zhao et al. [2] attempted to vary the DMSO ratio in 
the precursor which tuned the time window up to 25 seconds. They attributed it to 
the intermolecular hydrogen bonding forces in the precursor introduced by adding 
more DMSO that widened the time window. Similar fine tuning is reported by Chen 
et al. [9] and many others. Huang et al. reported an alternative solvent additive [5]; 
instead of using DMSO, the team used sulfolane as the retarding solvent. In this 
case, sulfolane coordinates with the organo-halide which further slowed down the 
reaction rate. As a result, the antisolvent dripping window was widened to over 
90 seconds after spin coating. This allowed the team to fabricate a perovskite mini-
module with a simpler dip-coating method with a high-power conversion efficiency 
over 16%. Other solvent additives like tert-butyl alcohol [10], 1,4,7,10,13,16-hexao
xacyclooctadecane [11], and others have been explored.
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Apart from room temperature coating method, Nie et  al. discovered a “hot-
casting” method to fabricate crystalline layer with large grains. In particular, the 
team first preheated the perovskite precursor solution and substrate to coat perovskite 
thin films, which can produce high-quality, mm-scale large-grain perovskite thin 
films for reproducible perovskite solar cells [12–16]. This method also turned out to 
be useful for 2D perovskite thin-film deposition that will be elaborated in the next 
section.

2.2 � 2D Perovskite Thin-Film Fabrication

In 2016, Tsai et al. reported nearly single-crystal thin-film growth with controllable 
orientation for 2D lead halide perovskite materials [17–20]. Interestingly, the hot-
cast 2D film showed near single crystalline crystal structures in the film, which is 
accompanied with a preferential orientation. Controlling the crystal alignment is 
essential to facilitate the charge transport, suppress the carrier recombination in the 
semiconductor, as well as improve the device operation stability under light and 
humidity conditions [17, 21, 22]. In this work, the crystal orientation and crystallin-
ity of the 2D perovskite materials have been characterized by the powerful synchro-
tron grazing incidence wide-angle X-ray scattering (GIWAXS) [17, 18, 20, 23, 24].

Besides the temperature control, many other methods have been explored to fab-
ricate 2D perovskite thin films with preferential orientations. Additives like molten 
salt and ammonium chloride have been added to the precursor which assisted the 
pure phase, vertically aligned 2D crystal growth in the thin film [25–28]. More 
recently, Chen et al. utilized strain engineering for epitaxial stabilization of halide 
perovskite thin films, which exhibit enhanced semiconductor device performance 
[29]. These studies have clearly shown that the quality of the grown perovskite 
crystals would greatly impact both the stability and performance of the optoelec-
tronic devices.

3 � Large-Scale Thin-Film Fabrication

To commercialize the perovskite photovoltaics, large-scale coating methods are 
needed to build panel scale (m2) solar modules. While many mini-modules were 
produced by spin-coating methods, an issue that may result from the spin-coating 
process is the possible inhomogeneous crystalline structures as the device area 
increases. To address the inhomogeneity issue, the additive strategy, which can dra-
matically reduce the surface-property fluctuation, was developed. For example, an 
upscalable spin-coating manufacturing of perovskite module was found to be 
enabled by the NH4Cl-additive strategy, and the high PCE values of 16.35% and 
12.14% for modules with active areas of 22.4 cm2 and 91.8 cm2, respectively, were 
successfully demonstrated.
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Besides the spin-coating process, D-bar, blade, and slot-die coating are solution-
based deposition techniques that are compatible with continuous high-throughput 
thin-film fabrications. These methods are required for larger-scale (i.e., a few meter 
squares) panel manufacturing yielding an ultra-high uniformity. As a result, many 
research groups have tried to optimize this process and develop robust procedures 
for the fabrication of uniform and large-area perovskite thin films. For these tech-
niques, solvent engineering is found to be crucial for realizing the deposition of a 
high-quality perovskite film. Besides, the air-knife technique, which enables the fast 
removal of the residual solvent during thin-film deposition, was also essential 
because it can significantly improve the film uniformity.

Among all the functional materials used in the module, forming a uniform thin 
film with desirable properties has been the most challenging for the light-harvesting 
perovskites. Although the antisolvent engineering and the two-step sequential solu-
tion deposition have been widely utilized to realize the fabrication of high-
performance small cells, these two approaches are not necessarily compatible with 
the high-throughput thin-film fabrications.

Spin coating has been the most thoroughly investigated/optimized manufactur-
ing process for perovskite thin-film fabrications. Therefore, it is still a preferable 
approach for making perovskite mini modules (e.g., modules with a photoactive 
area ≤ 25 cm2). The main issue of the spin-coating process is that it results in a 
rougher and more inhomogeneous perovskite film comparing to those deposited via 
vapor depositions. In a study conducted by Tong, G. et al. [ref 3], the surface poten-
tial mappings obtained from Cs0.05FA0.54MA0.41Pb(I0.98Br0.02)3 films fabricated via the 
two-step spin-coating process and thermal evaporation were compared. According 
to the Kelvin probe force microscopy (KPFM) images shown in Fig. 3a, the spin 
cast perovskite film has a more significant potential fluctuation (21.3 mV) than the 
thermal evaporated film (17.92 mV). To overcome the inherent surface inhomoge-
neity, Tong, G. et  al. have developed an additive strategy to modify the surface 
morphology of the spin cast film. They demonstrated that if NH4Cl additive was 
introduced into the perovskite precursor, the uniformity of the resultant perovskite 
film would be remarkable improved, yielding the smallest potential fluctuation 
(9.81 mV). An upscalable fabrication of perovskite module was therefore enabled 
by the additive strategy, as evidenced by the active area PCE of 16.35% and 12.14% 
for designated module area of 22.4 cm2 and 91.8 cm2, respectively.

D-bar coating is a solution-based deposition technique that is compatible with 
continuous high-throughput thin-film fabrications. Accordingly, many research 
groups have tried to replace the spin-coating process with the D-bar coating tech-
nique. In a recent study, Lim, K.-S. et al. successfully demonstrated a perovskite 
mini-module with an impressive PCE value of over 17% based on the D-bar coating 
technique. They verified that the key to successfully forming a high-quality (FAPb
I3)0.875(CsPbBr3)0.125 film via D-bar deposition is introducing the Lewis base hexa-
methylphosphoramide (HMPA) additive into the precursor solution. Figure  3b 
shows the optical microscopy (OM) images obtained from the wet precursor films 
after different drying times. If dimethylformamide (DMF) was the only solvent 
used to prepare the perovskite ink, formation of the large precipitates would be 
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Fig. 3  Morphologies of perovskite thin films fabricated with scalable deposition tools. (a) KPFM 
mapping images showing surface potential fluctuations of the spin-cast and vapor-deposited 
perovskite films. The introduction of NH4Cl additive was found to decrease the surface potential 
roughness from 21.3 mV to 9.81 mV, leading to the smallest surface potential fluctuation. [#3] (b) 
In situ OM images of wet precursor films deposited using the DMF, DMF/DMSO, and DMF/
HMPA solutions. The island crystal growth was suppressed by the utilization of DMF/DMSO 
mixed solvent and eliminated by introducing the HMPA additive. [#8] (c) EL mapping images 
obtained from perovskite modules utilizing CVD and dip-cast perovskite films. The uniformly 
saturated EL signal in the sub-cell area confirmed the superior quality of the large-area CVD 
perovskite film. [#12] (d) In situ OM images acquired from the blade-cast perovskite films without 
and with surfactant. The introduction of the LP surfactant was found to remarkably increase the 
uniformity of the blade-cast film. [#30] (e) SEM images of the slot-die cast perovskite films using 
the DMF, DMF/NMP, and DMF/NMP with excess PbCl2 inks. [#6] Fig. 3(b–f) was acquired from 
the original figures in the references and modified/reprinted with permissions

observed within 7 s. The large precipitates would subsequently lead to significant 
pinhole areas in the final perovskite film. It was also discovered that the pinhole 
density could be remarkably decreased by the utilization of DMF: dimethyl sulfox-
ide (DMSO) mixed solvent. Nevertheless, if a pinhole-free perovskite film is 
desired, introducing the HMPA additive into the solution would be required so the 
HMPA molecule could form a stable adduct intermediate phase with the precursor. 
The film uniformity was found to be dramatically improved due to the presence of 
the adduct intermediate phase. As a result, by using the HMPA-additive precursor, 
the D-bar coating technique had enabled the fabrication of a 17% perovskite mini-
module with device area up to 25 cm2.

Another promising perovskite thin-film deposition technique is chemical vapor 
deposition (CVD) that takes the advantage of forming perovskite films using vapor-
ized precursors. Unlike the thermal evaporation process, which is another 
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vapor-based deposition technique that simultaneously introduces organic and inor-
ganic precursors into the reacting chamber, the CVD process generally involves a 
pre-deposition of the inorganic precursor film (e.g., PbI2) and a sequential conver-
sion of the inorganic precursor into perovskite phase by exposing it to organic pre-
cursor vapors (e.g., FAI, MAI). The vapor-based sequential reaction route leads to a 
highly controllable crystallization process of the perovskite crystal, which is essen-
tial for achieving an ideal thin-film uniformity and a limited defect density over a 
large module area. As a result, many promising results of the large-area perovskite 
optoelectronics have been enabled by the CVD process.

4 � Summary

This chapter summarizes the fabrication methods of perovskite photovoltaic devices. 
It is essential to obtain uniform, pin hole-free crystalline thin film to deliver high-
performance solar cell. In lab-scale demonstration, spin coating is widely adapted 
for cell fabrication. One-step coating, two-step deposition, and antisolvent method 
are three typical ways of building high-quality layer for high-efficiency solar cell 
demonstrations. To achieve large-scale fabrication, alternative deposition tools such 
as blade coating, D-bar coating, slot-die coating, and chemical vapor deposition 
methods have been explored. The film morphology control has been a key challenge 
to obtain high efficiency. To further scale the perovskite photovoltaic technology to 
the commercial level, meter-scale fabrication method is needed. The film unifor-
mity across the full area will be required to deliver a high efficiency.
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Photophysics of Hybrid and Inorganic 
Lead Halide Perovskites

Masaru Kuno and Irina Gushchina

1 � Introduction

This chapter focuses on the optoelectronic properties of hybrid and all-inorganic 
lead halide perovskites. Such materials adopt the chemical stoichiometry ABX3 and 
are strong contenders for applications in solar photovoltaics. Among leading candi-
dates are systems where the A cation is organic (e.g., methylammonium, CH3NH3

+, 
MA; formamidinium, CH(NH2)2

+, FA) or inorganic (e.g., Cs+), the B cation is Pb2+, 
and the X anion is I−, Br−, or Cl−. Important systems come from the methylammo-
nium lead halide (CH3NH3PbX3, or MAPbX3), formamidinium lead halide 
[CH(NH2)2PbX3, or FAPbX3], and cesium lead halide (CsPbX3) families. Alloys are 
also possible and APbX3 materials can be produced as mixed cation, mixed anion, 
or even mixed cation/mixed anion alloys. Common mixed cation systems include A 
= FA/Cs or A = FA/MA alloys, e.g., FA1-yCsyPbI3 or FA1-yMAyPbI3. Mixed anion 
materials are often mixtures of iodine and bromine such as MAPb(I1-xBrx)3 and 
FAPb(I1-xBrx)3 while mixed cation/anion systems include FAxMAyCs1-x-yPb(I1-zBrz)3 
(FAMACs).

Given prior discussion about the unique structural properties of ABX3 materials, 
we simply recall here that APbX3 perovskites adopt cubic/quasi-cubic structures at 
room temperature with corner sharing [PbI6]4− octahedra and with A+ cations (MA, 
FA, Cs) filling octahedral voids. Such structures satisfy the Goldschmidt tolerance 
factors required of ideal cubic structures (0.9 ≤ t ≤ 1.0) and for structures having 
tilted octahedra (0.7 < t < 0.9) [1]. The compositional diversity of mixed cation and 
mixed anion systems is limited by the existence of non-perovskite (δortho- and δhex- 
phases) phases that appear when A+ ionic radii are insufficient to stabilize interstitial 
voids in the structure [2, 3]. Although APbX3 perovskites can adopt other (e.g., 
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orthorhombic) crystal structures at different temperatures [4], we focus on the pho-
tophysical properties of photovoltaically relevant cubic/pseudo-cubic structures in 
what follows.

The primary motivation for investigating and ultimately understanding the optical 
response of APbX3 perovskites stems from their successful implementation in high-
efficiency photovoltaics. Today, perovskite solar cell power conversion efficiencies 
(PCEs) routinely exceed 20%. A maximum PCE of 25.7% has been reported in 
NREL’s benchmark efficiency chart [5] and will undoubtedly be supplanted shortly. 
These values collectively represent a remarkable rise of perovskite solar cell efficien-
cies given their modest starting value of 3.8% in 2009. In short, APbX3 perovskite 
solar cells are, from a PCE perspective, on par with crystalline silicon.

Responsible for this success are extraordinary and fortuitous perovskite proper-
ties. This entails facile solution processability, crystallinity despite low temperature 
processing, chemical and stoichiometric diversity, and large absorption efficiencies, 
all simultaneously coupled to low exciton binding energies, large carrier mobilities, 
and favorable energetics to engender defect tolerance. However, despite extensive 
research into improving perovskite solar cell PCEs, performance bottlenecks still 
remain. This prevents them from reaching their full Shockley-Queisser efficiency of 
~31% for single-junction devices. A need therefore exists to fully understand the 
fundamental optical and electrical properties of APbX3 systems to realize their ulti-
mate performance potentials.

2 � Absorption

A key feature of lead halide perovskites is their favorable absorption properties. 
This includes sizable absorption coefficients (α), band edges close to the desired 
Shockley-Queisser value of 1.55 eV, and tunable absorption edges in mixed halide 
alloys. Figure 1a highlights these features by showing reported absorption spectra 
for common APbX3 systems.

In the red, at approximately 1.6 eV lie MAPbI3, FAPbI3, and CsPbI3. Near 2.2 eV 
are MAPbBr3, FAPbBr3, and CsPbBr3. Further to the blue at ~3.1 eV is MAPbCl3. 
The figure makes apparent that perovskite band gaps are sensitive to the choice of 
halide anion, whether I−, Br−, or Cl−. This has previously suggested that the A-site 
cation plays a lesser role in determining the optical response of these materials. 
Instead, optical transitions are thought to be primarily established by perovskite’s 
inorganic [PbI6]4− framework [10]. This is supported by electronic structure calcula-
tions, which suggest A-site cation-related states being energetically removed from 
corresponding band edges. Cation-influenced octahedral tilting and lattice contrac-
tion [11] do, however, influence band edge energies, as evidenced by measurements 
on mixed cation perovskites such as MA1-xFAxPbI3 or FA1-xCsxPbI3 where band gaps 
can be altered using cation stoichiometry [12–15].

Figure 1b further illustrates the sensitivity of perovskite band gaps to halide stoi-
chiometry by showing how increasing the Br fraction (x) in a MAPb(I1-xBrx)3 alloy 
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Fig. 1  Summary of the 
absorption spectra of 
various APbX3 perovskites. 
Data extracted from 
References [6–9]. Spectral 
band edges highlighted 
using colored regions

causes its Eg to progressively shift towards the MAPbBr3 limit. Analogous trends 
are observed with MAPb(Cl1-xBrx)3 [16, 17] as well as with FAPb(I1-xBrx)3 [18]. The 
formation of continuous MAPb(I1-xClx)3 alloys is prevented by large differences in 
I− and Cl− ionic radii such that little if any Cl incorporation is achieved. Consequently, 
such systems are denoted MAPbI3(Cl) in what follows [19]. This ability to compo-
sitionally tune band gaps makes mixed halide alloys of potential use in tandem 
(perovskite/silicon) solar cells.

Figure 1 summarizes the absorption coefficients of these materials. Evident are siz-
able band edge values, which lie between 104 and 105 cm−1. These α-values correspond 
favorably to those of other photovoltaically relevant semiconductors. To illustrate, 
GaAs has an absorption coefficient of α ~ 104 cm−1 at its absorption edge. References 
[6, 20–22] highlight this favorable comparison by visually illustrating perovskite 
α-values relative to those of other semiconductors across a range of energies.

Table 1 summarizes compiled Eg and α-values for the various APbX3 perovskites 
being discussed. Apart from the general trends noted above, there is a sizable vari-
ability in reported values. MAPbI3 band gaps, for instance, range from 1.5 to 
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Table 1  Absorption parameters of various lead halide perovskites

System Eg (eV) Eb (meV)
α2.0 eV 
(×105 cm−1)

α2.3 eV 
(×105 cm−1)

α3.1 eV 
(×105 cm−1)

MAPbI3 ~1.5 [23]
1.55 [24, 25]
1.553 [26]
1.557 [27]
1.56 [28, 29]
1.574 [30]
1.59 [21, 31]
1.6 [32–35]
1.61 [36–38]
1.63 [39]
1.646 [40]

1.7–2.1 [31]
6 [41]
7.4 [42]
9 [43]
12.3 [40]
13.1 [44]
14–18 [45]
16–22 [46]
25 [47]
29 [48]
32 [49]
37 [50]
40 [51]
45 [52]
50 [53]
55 [54]

0.23 [24, 32]
0.24 [21]
0.26 [29]
0.38 [31, 55]
0.39 [36]
0.44 [56]
0.45 [26]
0.46 [23]
0.47 [33, 35]
0.50 [57]
0.58 [58]
0.60 [20]
0.66 [30, 38]
0.67 [20]
0.68 [25]
0.73 [39]
0.75 [59]
0.78 [46]
0.79 [37]
0.92 [28]
1.70 [34]

0.47 [32]
0.51 [29]
0.53 [24]
0.59 [21]
0.64 [31, 33]
0.86 [36]
0.91 [58]
0.93 [25]
0.94 [55]
0.95 [35]
1.01 [23]
1.04 [20, 26]
1.19 [56]
1.22 [38]
1.34 [59]
1.39 [46]
1.44 [39]
1.47 [30]
1.50 [37]
1.55 [28]
2.88 [34]

1.09 [29]
2.04 [25]
2.34 [21]
2.43 [58]
2.56 [24, 35]
2.76 [31]
2.80 [32]
2.86 [26]
2.89 [23]
2.94 [33]
2.99 [28]
3.02 [59]
3.15 [36]
3.24 [37]
3.31 [38]
3.33 [56]
3.38 [55]
3.51 [46]
3.68 [39]
4.19 [34]
4.51 [30]

FAPbI3 1.45 [22]
1.55 [55]
1.566 [40]

8.4 [40]
10 [60]
31.6 [61]

0.25 [55]
0.43 [22]

0.71 [55]
1.62 [22]

3.59 [55]
4.52 [22]

CsPbI3 1.738 [8] 20 [62] – 0.71 [8] 2.34 [8]
FAPbBr3 2.351 [40] 24 [60]

31.8 [40]
– 0.74 [63] 1.86 [63]

MAPbBr3 2.24 [24]
~2.3 [56]
2.309 [64]
2.384–2.392 
[40]

14 [65]
30.9–36.3 
[40]
40.3 [44]
41 [66]
76 [53]
150 [67]

– 0.08 [55]
0.12 [24]
0.13 [56]
0.43 [64]
0.91 [63]

0.73 [64]
1.04 [24]
1.11 [55]
1.24 [56]
1.77 [63]

CsPbBr3 2.3 [9]
2.37 [68]
2.39 [69]
2.4 [70]

40 [62] – 0.02 [68]
0.13 [9]
0.23 [63]
0.31 [69]
0.57 [70]

0.78 [9]
0.89 [69]
1.02 [68]
1.36 [63]
1.45 [70]

MAPbCl3 2.97 [24] 41 [71]
50 [72]

– – 0.35 [24]
1.0 [55]

1.646  eV.  This is also true of MAPbBr3 where Eg-values range from 2.24 to 
2.392 eV. In either case, Eg spreads are of order 150 meV.

Associated absorption coefficients are also highly variable, as evident from tabu-
lated α-values compiled at three different energies (2.0 eV, 2.3 eV, and 3.1 eV). In 
particular, Table  1 shows that MAPbI3 α-values at 2.0  eV range from 0.23 to 
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1.70 × 105 cm−1. At 2.3 eV, α-values range from 0.47 to 2.88 × 105 cm−1. Analogous 
variations exist with other perovskites. This variability and lack of accord are sum-
marized visually in References [6, 36, 40, and 58].

Many reasons exist for apparent differences in reported optical parameters. Much 
has to do with variations in sample quality that stem from the numerous approaches 
used to prepare perovskite thin films. They include solution deposition (doctor blad-
ing, spray coating, slot-die coating, inkjet printing, etc.), solution deposition with 
solvent recrystallization (two-step spin-coating or antisolvent treatment), hot cast-
ing, chemical vapor deposition, and low-pressure vapor-assisted solution process-
ing [73, 74]. Sample quality variability is especially highlighted when thin films are 
compared to APbX3 single crystals, which possess larger grains, reduced morpho-
logical disorder, and correspondingly reduced surface roughness [75].

Consequently, what results are thin film/single crystal specimens that possess 
varying degrees of crystallinity, thicknesses, apparent grain sizes, surface rough-
ness, etc. All lead to measurement variations. Fujiwara [6], for example, attributes 
reported Eg and α-value variations to surface roughness that introduces significant 
light scattering to spectroscopic ellipsometry measurements. This degrades subse-
quent model extraction of perovskite optical constants (i.e., frequency-dependent 
refractive indices and permittivities) and leads to an underestimation of perovskite 
band gaps. When such surface roughness variations are explicitly accounted for, a 
closer agreement between researcher-reported α and Eg values is realized.

Beyond band gaps and absorption coefficients, Fig. 1 reveals other intriguing 
features of APbX3 materials. For MAPbI3, FAPbI3 and CsPbI3, band edges resemble 
those of bulk, direct gap semiconductors. No apparent excitonic features are seen. 
The absence of an excitonic response is corroborated by numerous estimates of their 
exciton binding energies (Eb), as summarized in Table 1. These estimates arise from 
magnetoabsorption and temperature-dependent emission and absorption measure-
ments as well as from modeling experimental APbX3 band edge absorption spectra 
with Elliott’s model [76].

Table 1 shows a spread of reported Eb values. As with Eg and α, large variations 
can be seen where for MAPbI3 Eb ranges from 1.7 to 55 meV. Despite this, reported 
binding energies are of order kT and suggest that the optical response of MAPbI3 
and FAPbI3 can be described in terms of free carriers. This conclusion is corrobo-
rated by time-resolved emission, transient differential absorption, and THz conduc-
tivity studies [76]. Note that this is not necessarily true of Br- and Cl-based APbX3 
materials such as CsPbBr3 or MAPbCl3 where prominent band edge excitonic fea-
tures are seen in the linear absorption. The suggestion is supported by their gener-
ally larger Eb-values in Table 1.

The specific origin of the optical transitions in lead halide perovskites has been 
the subject of numerous studies. Most entail density functional theory calculations 
to varying degrees of approximation [24, 36, 77]. Without delving into specifics, 
consensus exists that valence to conduction band transitions occurs at the R sym-
metry point and involves valence bands that originate from the antibonding combi-
nation of halide p and Pb(6s) orbitals. Corresponding conduction bands largely arise 
from Pb(6p) orbitals [77]. These bands are also responsible for above gap 
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transitions and produce apparent structure at higher energies. For example, a feature 
in the absorption spectrum of MAPbI3 close to 2.5 eV (Fig. 1) is attributed to a 
valence/conduction band transition at the M symmetry point [24, 76, 77]. The anti-
bonding nature of the APbX3 valence band is supported by apparent increases in 
perovskite band gap with increasing temperature. This contrasts itself to the response 
of traditional, tetrahedrally coordinated semiconductors where band gaps decrease 
(increase) with increasing (decreasing) temperature.

3 � Carrier Dynamics

Having briefly summarized the general absorptive properties of APbX3 perovskites, 
we now provide insight into their carrier recombination processes, following photo-
excitation. This is important since the fate of photogenerated carriers is fundamental 
to device operation and ultimately to their efficiencies. A kinetic model is therefore 
developed that qualitatively and quantitatively rationalizes the intrinsic photophys-
ics of APbX3 systems [47, 78]. This includes experimental observations of photolu-
minescence, time-correlated emission decays, and transient differential absorption 
dynamics. In addition to numerical simulations, analytical approximations are pro-
vided to better visualize qualitative trends in both emission intensities and time-
correlated decays. Although the model does not explicitly consider device operation, 
interested readers may refer to Reference [79] for an extension that includes charge 
extracting interfaces. Such a model has been used to establish the performance 
bottleneck(s) of a high-efficiency FAMACs solar cell.

In general, the primary recombination processes considered are (a) bimolecular 
(radiative) electron-hole recombination, (b) carrier trapping, and (c) nonradiative 
Auger recombination. The latter is nominally only important at high carrier densi-
ties, far beyond 1 sun conditions. These processes are summarized in Fig. 2 with the 

Fig. 2  Schematic illustration of photophysical processes occurring in lead halide perovskites, fol-
lowing photoexcitation
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illustration showing photoexcitation creating transient electron and hole popula-
tions [n(t) and p(t)] in the perovskite conduction and valence bands. Carriers subse-
quently recombine via the three processes outlined above. Although the identity of 
APbX3 trap states remains debated, there appears to be some agreement that such 
states are electron traps. This is assumed in what follows. Note that other versions 
of this model exist, which account for exciton dissociation, unintentional doping, 
and carrier diffusion. The interested reader is therefore referred to References [80], 
[81], and [49] for details.

Kinetic expressions that summarize the model are

	

dn

dt
G k N n n k np k n p np

dp

dt
G k n p k n

t t t b

h t b

� � �� � � � ��� ��

� � �

1

2
2 2

Auger

pp k n p np

dn

dt
k N n n k n pt
t t t h t

� ��� ��

� �� � �

1

2
2 2

Auger

	 (1)

where G is the initial charge generation rate (cm−3  s−1), linked to the excitation 

intensity (Iexc, W cm−2), i.e., G
I

h
� exc

�

�
 with α the absorption coefficient (cm−1) and 

hν the photon energy (J), n (p) is the electron (hole) concentration (cm−3) in the 
perovskite conduction (valence) band, kt is an electron trapping rate constant 
(cm3 s−1), Nt is a corresponding trap density (cm−3), nt is the trap population (cm−3), 
kb is a bimolecular radiative recombination rate constant (cm3 s−1, referred to as k2 
in the literature), and kAuger is the Auger, three-carrier rate constant (cm6 s−1, referred 
to as k3 in the literature).

Numerous studies now provided estimates for the various rate constants in Eq. 
(1) and Fig. 2. These literature estimates are summarized in Table 2 across various 
APbX3 systems. An inspection shows that most work has focused on MAPbI3 and 
MAPbI3(Cl) thin films with relatively less work carried out on corresponding 
FA-based materials.

Table 2 also makes apparent that while variations in rate constants exist across 
systems and even within a given material, there is general consistency in their val-
ues. Bimolecular radiative rate constants are of order 10−10 cm3 s−1, while Auger rate 
constants are of order 10−28 cm6 s−1 [85]. Measured pseudo-first-order rate constants 
for electron trapping are of order k1 ~ 107 s−1 from where corresponding kt values are 
of order kt ~ 10−10 cm3 s−1, provided estimated trap densities of order Nt ~ 10−16 cm−3.

The general photogenerated carrier dynamics, predicted by Eq. (1) at different 
excitation intensities, are now illustrated. Implicit to the discussion is continuous 
wave (CW) excitation. An identical analysis can be conducted assuming pulsed 
excitation. However, this is not pursued here since common applications of 
perovskite materials generally entail CW excitation conditions. Interested readers 
may refer to References [97] and [98] for details of a pulsed excitation analysis.
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4 � Low Excitation Intensities

At low excitation intensities, carrier trapping dominates radiative recombination. 
Low photogenerated carrier densities further mean that nonradiative Auger path-
ways can be ignored. Consequently, under the assumption that the material is intrin-
sic, Eq. (1) reduces to

	

dn

dt
G k N n

dp

dt
G k p

t t

h

� �

� � 2

	

The equations make apparent that at steady state n
G

k N
G

t t

� �  and p
G

k
G

h

� � .  

Since the emission rate and corresponding intensity, Iem, are proportional to the 
product of n and p, Iem grows with increasing Iexc (G) in a power law fashion. Its 

growth exponent is ~3/2, i.e., I Gem ∝
3

2 .
Figure 3a illustrates this for the case where Nt = 1016 cm−3. Employed rate con-

stants for the numerical simulation of Eq. (1) are kb = 10−10 cm3 s−1, kt = 10−9 cm3 s−1, 
kh = 10−11 cm3 s−1, and kAuger = 10−28 cm6 s−1. The model therefore reveals that Iem 
grows as G1.6 at low G where recombination is primarily trap-mediated (shaded red 
region). Figure 3b shows identical behavior for simulations where Nt has been var-
ied between Nt = 1015 and 1018 cm−3. In all cases, fit-extracted growth exponents 
range from m = 1.5 to 1.6. Of note is the increasing range of G-values where m ~ 1.5. 
This is rationalized by delayed trap saturation due to larger Nt-values.

Figure 3c shows experimental data for a MAPbI3 single crystal and thin film [78] 
that corroborate these model predictions. Acquired over ~3 orders of magnitude in 
G, the data reveal m ~ 1.5 power law growth exponents for either material, as estab-
lished by fits to low G Iem-values (dashed lines with fit-extracted m-values shown). 
Differences in the range of Iem-values over which m ~ 1.5 qualitatively agree with 
Fig. 3b and suggest underlying Nt-value variations between MAPbI3 single crystals 
and thin films. Other data acquired on MAPbI3 and MAPbI3(Cl) over 8 orders of 
magnitude in G reveal identical m ~ 1.5 power law growth exponents at low G [47]. 
This further corroborates the analysis and conclusions drawn here. Note that under 
(low irradiance) pulsed excitation, analogous power law growth of the integrated 
emission intensity is predicted with an ideal model growth exponent of m = 2.0 [97, 
98]. Such quadratic emission growth has previously been observed for MAPbI3 and 
MAPbI3(Cl) thin films [47].

Next, by assuming above-simplified kinetic expression for n and p, correspond-
ing (normalized) photoluminescence decays take the form

	

PL .em

em

t
I t

I

e

k Gt

k N t

h

t t

� � � � �
�

�

�

,max 1
	

(2)
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Fig. 3  (a) Iem versus G for Nt = 1016 cm−3. Dashed lines are linear fits to the data in a given growth 
regime (shaded regions). Fit-extracted growth exponents shown. G-values are linked to associated 
Iexc, assuming 405 nm excitation with α = 105 cm−1, for reference purposes. (b) Iem versus G for Nt 
varying between Nt = 1015–1018 cm−3. Dashed lines are linear fits in the trap-mediated recombina-
tion regime. Fit-extracted growth exponents shown. (c) Iem versus G data for a MAPbI3 single 
crystal and thin film. Data from Reference [78]. Dashed lines are fits to the data at smaller G with 
fit-extracted growth exponents shown

At small G or short times, the numerator in Eq. (2) dominates. Decays are there-
fore near exponential with an associated pseudo-first-order decay constant of 
ktNt~107 s−1 (Table 2). Figure 4a illustrates this for the model predicted decay when 
G = 1015 cm−3. An accompanying (superimposed) dotted line is Eq. (2). This qualita-
tive prediction is supported by numerous studies, which report near exponential 
decays at low Iexc for various perovskite systems [80, 81, 84, 87, 99].

5 � Intermediate Excitation Intensities

As Iexc increases, progressive trap filling (nt → Nt) reduces the electron trapping rate such 
that n → p. This simplifies Eq. (1) and leads to the following effective rate expressions:

	

dn

dt
G k n

dp

dt
G k N p k p

b

h t b

� �
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2

2 .
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Fig. 4  (a) Predicted PL decays from Eq. (1) for variable G between G  =  1015 and 1023  cm−3. 
Superimposed over the data are analytical predictions from Eqs. (2)–(4) (dotted lines). (b) 
Predicted decays for G = 1015–7 × 1016 cm−3. (c) MAPbI3 PL decays from Reference [87]. (d) 
Large G MAPbI3 PL decays from Reference [87] replotted. Dashed lines are linear fits to the data
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Invoking steady state conditions then means that n
G

k
G

b

� �  with 

p
k N k N G

Gt t t t�
� � �

�
� �2 4

2

. The emission intensity therefore transitions to 

power law growth with a growth exponent of m ~ 1. Figure 3a illustrates this transi-
tion by showing a fit to the model data, highlighted in the shaded blue region. A 
fit-extracted power law growth exponent of m = 0.99 is found. Analogous behavior 
is observed in Fig. 3b when Nt is varied between 1015 and 1018 cm−3. In whole, the 
model data makes evident that increasing Nt extends the region of trap-mediated 
recombination (m ~ 1.5) to larger G-values before bimolecular (radiative) recombi-
nation (m ~ 1.0) dominates carrier dynamics following photoexcitation.

Using the above simplified rate expressions, associated (normalized) photolumi-
nescence decays adopt the following bimolecular form:

	

PL em

em

t
I t

I k Gt k N k Gtb t t b

� � � � �
�

�� � � �� ��� ��,max

1

1 1
	

(3)

where Fig. 4a shows model-predicted decays for G = 1019 and G = 1022 cm−3 
using the same parameters employed earlier at low Iexc. Analytical results from Eq. 
(3) are superimposed atop the model decays and are in excellent agreement. Model 
decays also highlight the transition in kinetic response in this Iexc regime. Figure 4b 
illustrates this for G-values between G  =  1016 and 1017  cm−3 where for smaller 
G-values, near exponential behavior is seen. With increasing G, an apparent near 
exponential to bimolecular transition occurs. Such PL(t) transitions have previously 
been reported in the literature [80, 81, 87, 99] and an example from a MAPbI3 thin 
film is shown in Fig. 4c.

6 � High Excitation Intensities

At sufficiently high excitation intensities, trap saturation causes bimolecular (radia-
tive) recombination to dominate. In this limit, Eq. (1) effectively becomes

	

dn

dt
G k n

dp

dt
G k p

b

b

� �

� �

2

2

	

so that n p
G

k
G

b

� � � . Iem thus continues to grow in a power law fashion with 

a growth exponent of m ~ 1. Figure 3 illustrates this for Nt = 1016 cm−3 (Fig. 3a) and 
across Nt-values between Nt = 1015 and 1018 cm−3 (Fig. 3b). It should be mentioned 
that a growth exponent of m ~ 1 is common to this intensity regime under pulsed 
excitation [47, 97, 98].
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An associated (normalized) photoluminescence decay takes the bimolecular form

	

PL ,em

em

t
I t

I k Gtb
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�

�� �,max

1

1
2

	

(4)

which is near identical to the expression derived earlier for intermediate excitation 
intensities (Eq. 3). Figure 4a plots a model-predicted decay for G = 1023 cm−3 with 
Eq. (4) superimposed. Again, there is excellent agreement with the analytical 
approximation.

Beyond bimolecular fits, predicted bimolecular decays can be confirmed visually 

by plotting 
I

I t

em

em

,max

� �
� 1  versus time. In this case, linear behavior is expected [100]. 

Figure 4d illustrates this for the large G experimental data in Fig. 4c. Evident linear 
behavior is observed, as highlighted by dashed, linear fits.

Above this excitation regime, the onset of Auger-mediated nonradiative recom-
bination causes emission efficiencies to decrease. This stems from competitive, 
nonradiative recombination of carriers. What results then is sublinear growth of Iem 
with an associated power law growth exponent m < 1. Figure 3a explicitly illus-
trates the onset of Auger recombination for Nt = 1016 cm−3 at high G where the 
simulated data shows m < 1. It can also be shown that in this regime, plotting 

I

I t
em

em

,max

� �
�

��
�

��
�1  versus time yields linear behavior [100].

7 � Emission Quantum Yields

Equation (1) simultaneously allows internal emission quantum yields (QYs) to be 
estimated through the ratio of the bimolecular radiative recombination rate to the 
initial carrier generation rate, i.e.

	
QY .=

k np

G
b

	 (5)

The importance of this metric is that high emission efficiencies are requisite for 
optimizing APbX3 photovoltaic performance. More specifically, it is the associated 
external quantum efficiency (EQE, EQE = ηeQY where ηe is a photon extraction 
efficiency) that is fundamentally linked to the maximum open circuit voltage (and 
PCE) achievable in a solar cell [101]. The seemingly contradictory conclusion that 
arises then is that a good solar cell must also be a good light emitter [102].

Figure 5 shows model-predicted (internal) QYs plotted as functions of Nt when 
Nt is varied between 1015 cm−3 and 1018 cm−3. As with Figs. 3 and 4, employed rate 
constants have been kept constant at their nominal literature values of 
kb ~ 10−10 cm3 s−1, kt ~ 10−9 cm3 s−1, and kh ~ 10−11 cm3 s−1. Fig. 5 also provides 
model-predicted EQEs via 

EQE �
� ��

e b
k np

G
.
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Fig. 5  (a) Predicted (internal) QYs for variable G between G = 1019–1027 cm−3 and Nt between 
1015 and 1018 cm−3. For reference purposes, G-values are linked to associated Iexc assuming 405 nm 
excitation with α = 105 cm−1. (b) Experimental EQE estimates for a MAPbI3 single crystal and thin 
film. Data from Reference [78]. Fit extracted Nt-values shown
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Table 3  Literature APbX3 emission EQEs under effective 1 sun conditions. Additives shown in 
parenthesis: K  =  potassium, Rb  =  rubidium, TOPO  =  trioctylphosphine oxide, pyr  =  pyridine, 
TPPO = triphenylphosphine oxide, SPPO = 9,9-spirobifluoren-2-yl-diphenyl-phosphine oxide)

Material EQE film (%) EQE film treated (%) EQE device (%)

MAPbI3 0.92 [103]
3 [82]
5 [104]
5.8 [78]
10 [105]

12–13 (TOPO) [106]
20.3 (TOPO) [103]
35 (TOPO) [82]

5 [106]

MAPbI3(Cl) 20 [104]
50–60 [107]

24–25 (pyr) [108] –

MAPbBr3 2–3 [109]
15 [104]

1.2 [110]
32 (TPPO) [111]
85 (SPPO) [111]

–

FAMACs 2.4 [112]
66 (K) [113]

3.6 (Rb) [112] 0.43–2.83 [79]
14.5 (K) [113]

FAMAPb(I1-xBrx)3 - - 0.1–3.0 [114]

The resulting figure illustrates several things. First, as discussed earlier, at low 
Iexc, trapping dominates carrier recombination. This leads to low QYs. Attesting to 
this are experimental perovskite, 1 sun EQEs in Table 3. Values for thin films, (sur-
face) treated thin films, and devices are shown. Inspection of the data reveals that 
reported 1 sun EQEs are generally on the order of several percent with some notable 
exceptions. This is consistent with the lower QYs seen at low G in Fig. 5. Of note is 
that this bulk perovskite data contrasts itself to analogous results, summarized in 
Reference [115] for perovskite nanocrystals (NCs). In these materials, EQEs regu-
larly approach or attain unity values.

Next, Table 3 shows that treating lead halide perovskite thin films with Lewis 
bases such as trioctylphosphine oxide (TOPO) or pyridine improves their EQEs. 
However, they only increase values to numbers of order 10%. This indicates that 
while defect passivation is possible, significant trap densities still remain. This is 
again unlike the case of perovskite NCs where effective surface passivation does 
appear possible and which leads to unity EQEs [116]. Finally, Table 3 shows that 
device EQEs are all suppressed from corresponding thin film or treated thin film 
values due to the inevitable competition for carriers by electron and hole extraction 
interfaces present in working devices.

Figure 5 shows that maximal QYs are achieved upon trap saturation at high exci-
tation intensities. In the case where Nt = 1016 cm−3, near unity internal QYs are real-
ized close to 1 sun conditions. The figure further shows that increasing Nt simply 
leads to progressively larger Iexc-values required to achieve peak QYs, which them-
selves become progressively smaller. In all cases, maximum QYs persist until a 
critical G beyond which the onset of Auger-mediated carrier recombination causes 
them to fall as discussed earlier.
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This QY behavior has previously been modeled by reducing the kinetics in Eq. 
(1) to [85].

	

dN

dt
G� � � �AN BN CN .2 3

	 (6)

In Eq. (6), N is an effective electron-hole density, A is a generic first-order rate 
constant that describes nonradiative, trap-mediated recombination of photogene-
rated carriers, B is a second-order (radiative) rate constant, and C is a third-order 
rate constant that accounts for nonradiative Auger recombination. The rate con-
stants A, B, and C are effectively k1, kb, and kAuger in Table 2. A corresponding inter-
nal QY is then

	
QY

BN

AN BN CN
.�

� �

2

2 3
	 (7)

Equation (7) can be recast in terms of EQE via EQE
BN

AN BN CN

�
� �

�

�
e

e

2

2 3
. In 

either case, a peak QY can be found by taking the derivative of QY (EQE) with 

respect to N to find a critical point (i.e., 
d
dN

d
dN

QY EQE
= = 0 ) [85]. A resulting optimal 

carrier density (Nopt) is then

	

N
A

C

k

kopt
Auger

= ~ 1

	 (8)

and is linked to a corresponding maximum internal QY of

	

QYmax

Auger

�
�

�

�

1

1
2

1

1
2 1

2

AC

B

k k

k 	 (9)

with a corresponding maximum EQE of EQE
max

Aug

�

�

�

�

1

1
2

1

1

2
1

2

AC
B

k k

ke e
� �

.

Equations (6) and (7) can be used to model experimental EQEs to extract rele-
vant rate constants. They are, however, not predictive in that tabulated rate constants 
from Table 2 cannot be used to estimate QYs and EQE a priori. This is because 
Figs. 3–5 show that trap saturation occurs due to nt → Nt. Consequently, the pseudo-
first-order trapping rate constant (here A) is Iexc-dependent. Immediate application 
of Eqs. (8) and (9) therefore leads to predicted Nopt and QYmax smaller than those 
revealed by full numerical simulations of Eq. (1) (Fig. 5).
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Finally, beyond trap-mediated recombination, an important reason for small 
overall EQE values and for why EQEs are smaller than internal QYs is photon trap-
ping within the perovskite. This originates from refractive index differences with 
the surrounding medium and is most prominent in APbX3 films and crystals where 
physical sizes approach the wavelength of light. This leads to estimated photon 
extraction efficiencies of ηe ~ 10% [104, 105]. Note that such trapping is not signifi-
cant for NCs as they effectively behave as dipole emitters. This rationalizes why 
unity/near unity EQEs are readily seen with these materials [115].

8 � Ion Migration

Finally, despite all of the notable properties of APbX3 materials, preventing their 
widespread commercialization is their well-known environmental sensitivities. 
Addressing this  have been a number of studies [117, 118]. Less recognized but 
equally important are intrinsic instabilities linked to ion migration. Namely, both 
cations and anions in APbX3 materials are mobile with ion mobilities stemming 
from vacancy-mediated ion migration under bias or under illumination.

For cations, evidence for bias-induced A+ migration comes from observed device 
hysteresis thought to stem from cation accumulation at electrodes [119–121]. The 
phenomenon is better illustrated using more direct measurements such as time-of-
flight secondary ion mass spectrometry and super-resolution infrared absorption 
measurements [122, 123], which explicitly reveal cation migration and accumula-
tion near electrodes.

For anions, a well-known phenomenon is light-induced photosegregation 
whereby shining light on mixed I−/Br− systems [e.g., MAPb(I1-xBrx)3] induces halide 
segregation. This results in the formation of I-rich inclusions within parent, mixed 
halide perovskites. Such photoinduced halide segregation is experimentally 
observed as progressive photoluminescence redshifts due to photogenerated carriers 
being funneled to I-rich domains. Such domains act as emissive recombination cen-
ters because of favorable (valence) band offsets relative to those of parent mixed 
halide materials. Observed redshifts/photosegregation are reversible when speci-
mens are no longer illuminated with remixing being entropically driven. References 
[4, 124, and 125] provide more details on the phenomenon.

At this point, an inevitable question that arises is the connection between the 
earlier photocarrier dynamics and the bias−/light-induced ion migration described 
here. Since ion migration, whether cation or anion, is thought to be vacancy-mediated 
and since point defects are likely responsible for carrier trapping, a connection 
between the two is suggested. Evidence for this can already be found in the literature 
where References [126, 127, and 128] already suggest that decreasing defect densi-
ties mitigates ion migration. Studies linking the two topics, however, are limited. 
Consequently, more work is required to establish a comprehensive picture of ion-
inclusive carrier dynamics that follow photoexcitation of APbX3 systems. As such, 
linking the two sets the direction for future investigations of these unique materials.
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Perovskite Light-Emitting Diodes

Dawei Di and Baodan Zhao

1 � Introduction

Perovskite light-emitting diodes (PeLEDs) [1] are an emerging technology for 
next-generation display, lighting, and communications. They offer the combined 
advantages of excellent color purity, spectral tunability, high luminescence efficien-
cies, and low processing costs. Since the report of room-temperature electrolumi-
nescence (EL) from halide perovskite in 2014 [1], the field has been moving at an 
unprecedented pace; the external quantum efficiencies (EQEs) of PeLEDs exceeded 
the 20% milestone in 2018 [2–5], followed by more recent works improving the 
device EQEs to ~28% [6].

Advances in material development and device structures were the main driving 
forces for the rapid progresses in device performance. The device designs of early 
PeLEDs were heavily inspired by that of perovskite solar cells and polymer OLEDs 
[1, 7, 8]. While PeLEDs are typically processed very simply from solution, they 
show optoelectronic characteristics comparable to that of conventional III–V 
devices, which require demanding processing conditions [9, 10]. Similar to other 
types of LEDs, enhancing the radiative recombination processes while reducing the 
nonradiative recombination losses holds the key to raising the internal quantum 
efficiencies (IQEs) of PeLEDs toward 100% [3, 10]. To achieve this goal, the emis-
sive layer materials were improved primarily by compositional engineering and 
dimensionality control [3, 11, 12].

Innovations in device architectures were critical to the realization of the current 
state-of-the-art devices [2–6, 13, 14]. For PeLEDs with different colors, device 
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designs vary considerably due to the different scenarios of charge injection, block-
ing, and balance. It has been understood that reducing nonradiative recombination 
losses at the emissive layer/charge-transporter interfaces [3, 13, 15] of PeLEDs is 
equally crucial, if not more crucial than suppressing nonradiative recombination in 
the bulk region. While the IQEs of PeLEDs were found to approach unity [3], the 
EQEs are restricted by the relatively poor light extraction efficiency of the device 
architecture [3, 16, 17]. This indicates opportunities in improving device efficiency 
through light management.

While great progresses have been made in improving PeLEDs to become a com-
mercially viable technology, many challenges remain. The poor device operational 
lifetimes are considered the main obstacle toward industrial applications. A recent 
breakthrough in this direction was the demonstration of ultrastable near-infrared 
(NIR) PeLEDs with device lifetimes meeting the demands of commercial applica-
tions [18]. However, the operational stability of visible PeLEDs remains poor. 
Among various stability-limiting mechanisms, ion migration and phase instability 
are some of the most crucial factors for the instability of PeLEDs. Besides, high-
performance blue [19, 20] and white [21, 22] PeLEDs are still under active develop-
ment, and they are important missing pieces for perovskite-based full-color display 
and solid-state lighting applications. Moreover, issues concerning the toxicity of 
lead [23, 24] and the progress in the development of mini- and micro-PeLEDs [25] 
require attention from researchers in the field.

2 � Device Architectures

The commonly used device structures for PeLEDs were mostly inherited from that 
of planar perovskite solar cells and solution-processed OLEDs [1, 7, 8]. The 
perovskite emissive layer is normally placed in between charge-transport layers 
(CTLs) with different polarities (e.g., electron- and hole-transport layers) to form a 
sandwich-like device structure [1]. One of the CTLs is normally in contact with a 
conductive oxide-coated transparent substrate, while the other CTL is in contact 
with metal electrodes.

The CTLs are normally considered to serve two functions simultaneously: charge 
transport and charge injection into the perovskite emissive layers. Using terminolo-
gies borrowed from conventional semiconductor diodes, the current PeLED struc-
tures may be comparable to that of a PIN heterostructure LED. In direct reference 
to thin-film OLEDs, a “standard” device configuration refers to the structure in 
which the hole-transport layer (HTL) such as PEDOT:PSS is in contact with the 
transparent conductive substrate, while the electron-transport layer (ETL) such as 
TPBi is coated by thermally evaporated electrodes (e.g., LiF and Al) (Fig. 1a) [1, 13, 
14]. An “inverted” device structure normally refers to the case where the ETL such 
as ZnO is deposited on top of the transparent conductive substrate and the HTL such 
as TFB polymer is coated by thermally evaporated electrodes (e.g., MoOx and Au) 
(Fig. 1b) [12, 27].
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Fig. 1  Device structures and charge distribution of typical PeLEDs. Schematic illustrations of (a) 
the structure of a typical PeLED with a “standard” configuration and (b) the structure of a typical 
PeLED with an “inverted” configuration. (c) Simulated electron and hole density distributions in 
the perovskite LED under different voltages. The shaded regions in gray, light green, pink, light 
blue, and yellow correspond to cathode, ZnO, perovskite, TFB, and anode, respectively. Panels a 
and b were reproduced from [18]. Panel c was reproduced from [26]

3 � General Device Operation

The basic operation principles of PeLEDs are similar to that of inorganic semicon-
ductor heterojunction LEDs, with some deviations in charge injection and transport 
due to the commonly used device configurations in which organic CTLs are employed.

3.1 � Charge Injection and Blocking

When an external bias is applied to a PeLED, charge injection from the electrodes 
to the CTLs occurs by drift and diffusion processes, followed by the subsequent 
injection of charges into the perovskite emissive layer. The simplest consideration 
for efficient charge injection is the correct alignment of energy levels between the 
neighboring materials in the PeLED structure. For example, the LUMO level of the 
ETL is normally close to the conduction band minimum (CB) of the perovskite 
emissive layer to ensure effective electron injection. At the same time, the ETL 
prevents excess hole current from passing through the device. This is normally 
ensured by the deep-lying HOMO level of the ETL. The distribution of charges 
across a typical PeLED is shown in Fig. 1c [26].

It should be noted that closely aligned energy levels are not strictly required for 
efficient charge injection in cases where the CTLs are highly conductive. For exam-
ple, the valance band maximum (VBM) of ITO is around 4.5 eV, showing a consid-
erable energy-level offset of ~0.6 eV with the commonly used PEDOT:PSS HTL 
(HOMO: 5.1  eV). ITO/PEDOT:PSS is known to be an excellent hole-transport 
interface for PeLEDs despite the large energetic offset. This could be understood by 
the high carrier concentrations and mobilities in both the ITO and PEDOT:PSS 
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materials, allowing the formation of ohmic contact at the interface without the need 
of closely aligned energy levels. The blocking of charges by CTLs of the opposite 
polarities prevents leakage currents, raising the chance of electron-hole encounter.

3.2 � Charge Recombination

The recombination of carriers in halide perovskite materials shows many similari-
ties to that of inorganic semiconductors such as III–V compounds [9, 10]. Excited-
state carriers in typical three-dimensional (3D) halide perovskites are in the form of 
free carriers or loosely bound electron-hole pairs due to the large dielectric con-
stants that screen Coulomb interactions, showing exciton binding energies on the 
order of 10 meV [28]. The optically or electrically injected carriers in the perovskite 
material relax radiatively through band-to-band recombination, giving rise to light 
emission.

In addition to the radiative recombination channel discussed above, there are non-
radiative recombination losses that are responsible for the non-ideal light emission 
efficiencies of the perovskite materials and devices. Trap-assisted (Shockley-Read-
Hall) recombination is the main mechanism for nonradiative losses at moderate to 
low carrier densities. For MAPbI3 perovskite, trap-assisted recombination is expected 
to dominate at carrier density of <1016 cm−3 [29], which is relevant to solar cell and 
LED operation. Trap passivation is therefore a critical consideration in raising 
PeLED performance. Under higher carrier densities, Auger recombination [29, 30] 
is expected to occur, leading to efficiency losses at higher current densities.

Assuming balanced electron and hole populations in the perovskite emitter, the 
recombination of injected carriers can be described by the following equation:
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where k1 is the trap-assisted recombination rate, k2 is the rate constant of band-to-
band radiative recombination, k3 is the Auger recombination constant, and n is the 
carrier concentration [28].

Assuming only band-to-band recombination contributes to the radiative process, 
the radiative efficiency ηrad is therefore given by Eq. (2) and is used to describe the 
power dependent PLQEs observed for typical perovskite emitters (Fig. 2a):
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It has been suggested that in low-dimensional perovskite emitters with lower dielec-
tric constants, excited-state carriers may exist in the form of excitons which may 
recombine radiatively in a fashion more similar to that in organic semiconductors 
[31, 32]. This could make the first-order term (k1n) of Eq. (1) completely or partly 
radiative, raising the radiative efficiency at medium to low carrier densities.

D. Di and B. Zhao



57

Fig. 2  Studies of radiative recombination for PeLEDs and related devices. (a) Measured external 
PLQEs for MAPbI3 perovskite under steady state (black) and pulsed laser excitation (red) with the 
prediction from the recombination rate model (lines). Under pulsed excitation, the average PLQE 
is measured over the decay of the carrier density n. (b) Multi-phase perovskite material 
PEA2(CH3NH3)n − 1PbnI3n + 1 channel energy across an inhomogeneous energy landscape, concen-
trating carriers to the smallest-bandgap emitters. The arrows represent the carrier transfer process. 
(c) Measured qVm/Eg of different classes of LEDs. FPI, NFPI, and PCBP denote FAPbI3, NMA2FA 
n − 1PbnI3n + 1, and PEA2Csn − 1PbnBr3n + 1 perovskite, respectively. The shaded area denotes the region 
where the measured qVm/Eg falls below the limits set by TTA or Auger processes. Panel a was 
reproduced from [29]. Panel b was reproduced from [11, 12]. Panel c was reproduced from [26]

3.3 � Energy Transfer/Funneling

A distinct branch in PeLED research is the study of mixed-dimensional perovskite 
systems exhibiting efficient energy transfer/funneling from the higher-bandgap to 
the lower-bandgap perovskite phases. This mechanism confines charges at the 
lower-bandgap perovskite crystal domains, enabling interfacial passivation and an 
increased local carrier concentration that enhance radiative recombination processes 
(e.g., a larger k2n2 term in Eq. (1)).

Such mechanism was found to be effective in PeLEDs operating at moderate 
current densities. However, due to the high local carrier concentrations, Auger 
recombination in mixed-dimensional perovskite emitters were found to be more 
pronounced [33], contributing to efficiency roll-off at higher current densities.

3.4 � Operating Voltages

Recently, it was reported that the minimum voltage required for observing EL from 
PeLEDs could be as low as 0.46Eg/q, where Eg is the bandgap and q is the elemen-
tary charge [26]. Ultralow operating voltages were universally observed across 
many classes of semiconductors (Fig. 2b) [26], in contrast to earlier reports claim-
ing up-conversion mechanisms exclusive to a few material systems. The ultralow-
voltage EL phenomenon does not violate the energy conservation principle and can 
be explained by the recombination of band-edge carriers whose populations are 
determined by Fermi-Dirac functions perturbed by a small external bias. However, 
the apparent threshold voltages for a particular photon flux vary greatly for different 
classes of LEDs [26].
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For example, a unique benefit of PeLEDs over OLEDs is that they generally 
operate at lower driving voltages for the same photon flux. This is primarily due to 
the reason that metal halide perovskites exhibit higher carrier concentrations and 
mobilities at room temperature compared to organic semiconductors. It was shown 
that PeLEDs can be driven at voltages below the bandgap of silicon, allowing poten-
tial integration with silicon electronics [26]. The low operating voltages of PeLEDs 
indicate opportunities in next-generation communications,  computational and 
energy applications.

4 � Achieving Near-Unity Internal Quantum Efficiencies

A critical step in establishing PeLED as a next-generation light source technology 
was the demonstration of high EL quantum efficiencies [2–6, 15]. The EQE and 
IQE of PeLEDs are correlated with each other according to the following equation:

	
EQE IQE f f f f� � � � � ��outcoupling balance e h rad outcoupling�

	 (3)

where fbalance is the charge injection balance factor (with a maximum value of unity), 
fe-h is the probability of forming a correlated electron-hole pair from each pair of 
injected carriers, ηrad is the probability of radiative recombination for each electron-
hole pair, and foutcoupling is the optical outcoupling coefficient [28].

It can be seen that IQE is determined by fbalance, fe-h, and ηrad. Charge balance (fbal-

ance) can be maximized by choosing functional layers with appropriate energy levels 
[3, 4, 34, 35] and charge-transport properties [13]. The main strategies for improv-
ing fe-h include the formation of charge-confinement structures that improve the 
chance of electron-hole encounters [11, 12, 35] and the enhancement of Coulomb 
interactions by reducing the dielectric constants of the materials [28, 33]. For 
perovskite emitters, the radiative efficiency of an electron-hole pair (ηrad) is deter-
mined by ηradiative = krad/(krad + knon-rad), where krad is radiative recombination rate and 
knon-rad is the nonradiative recombination rate [28]. For emitters where only band-to-
band recombination contributes to photon emission, ηrad can be obtained by Eq. (2) 
discussed earlier.

4.1 � Suppressing Bulk Nonradiative Losses

The most intensively studied direction in the field of PeLEDs has been the suppres-
sion of nonradiative losses in the bulk region of the perovskite emissive layer. The 
suppression of nonradiative losses ties closely with the passivation of traps in the 
perovskite materials. This was typically achieved by compositional tuning of the 
perovskite precursors [14, 27], introduction of small molecule [36] and polymeric 
[3] trap passivators, dimensionality control [11, 12], and post-treatments [14, 20].
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Fig. 3  Suppressing nonradiative losses for PeLED materials and devices. (a) External PLQE of 
perovskite-polymer bulk heterostructure films (on fused silica) as a function of poly-HEMA 
weight fraction in the solid precursors. The error bars show the highest and lowest external PLQEs 
measured for each weight fraction. The black dots represent the average external PLQEs. The 
optimized polymer weight fraction of 20% in precursor corresponds to a volume fraction of 28% 
in the emissive film. The excitation source used was a 532-nm c.w. laser with an intensity of 
100 mW cm−2 (approximately 1 sun). (b) Normalized PLQEs of perovskite films formed on a 
range of thermally evaporated interfacial materials with different polarities, characterized by the 
relative electronegativity of the chemical bonds. (c) EQE−J characteristics of PeLEDs based on 
PEABr:CsPbBr perovskite with/without crown and with crown:MPEG-MAA. Panel a was repro-
duced from [3]. Panel b was reproduced from [13]. Panel c was reproduced from [6]

Photoluminescence quantum efficiencies (PLQEs) of perovskite emissive layers 
are an indication of the effectiveness of passivation. PLQEs of approaching 100% 
were reported for perovskite-polymer heterostructures (Fig. 3a) [3] and perovskite 
nanocrystals [5]. Deep-lying traps responsible for the loss of PLQEs were consid-
ered to primarily originate from uncoordinated lead (including Pb2+ and Pb0) for the 
case of lead halide perovskite emitters. Other widely employed approaches for 
studying nonradiative losses are the characterization of trap density using space-
charge limited current (SCLC) analysis [23] and the measurements of PL decay 
kinetics which are affected by the rates of both radiative and nonradiative recombi-
nation processes. The aforementioned methods are powerful tools in the develop-
ment of perovskite emissive layers for PeLEDs.

4.2 � Suppressing Interfacial Nonradiative Losses

Interfacial nonradiative recombination is a critical factor limiting the performance 
of PeLEDs. However, this issue did not receive as much attention as for the losses 
in the bulk. An example of interfacial nonradiative losses in PeLEDs is the reduction 
of PL lifetime and intensity (PLQE) when the emissive layer is in contact with the 
charge-transport layers [3]. Such processes prevent PeLEDs from achieving near-
unity IQEs, despite the very high PLQEs of the perovskite emissive layers.

Interfacial nonradiative losses in PeLEDs can be suppressed in various ways. 
First, approaches that provide bulk passivation could normally lead to the passiv-
ation of interfacial traps at the same time. For example, perovskite-polymer bulk 
heterostructures were found to eliminate the effects of interfaces on PL decay 
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kinetics, leading to near-unity IQEs and EQEs of up to 20.1% [3]. It was reported 
that ultrathin polar interfaces including lithium fluoride (LiF) [13] (Fig. 3b) enable 
the formation of highly emissive and uniform perovskite films on hydrophobic 
polymeric charge transporters in an OLED-like device configuration. This led to the 
demonstration of efficient green quasi-2D PeLEDs with EQEs of up to 19.1% at 
>1500 cd m−2. Similar interfacial modification and polymer passivation approaches 
were employed in green PeLEDs (Fig. 3c) showing exceptionally high EQEs of up 
to 28.1% [6]. Similarly, hydrophilic interfaces prepared using polymers such as 
polyethyleneimine [27], perfluorinated ionomer (PFI) [14], and small molecules 
including ethanolamine [37] and aluminum oxide [38] were found to allow the for-
mation of high-quality perovskite films. Although these strategies have been proven 
useful for high-performance PeLEDs, further mechanistic investigations are 
required to reveal the origins of such improvements.

5 � Light Outcoupling

While the IQEs in some of the best-performing PeLEDs approach 100%, around 
80% of the internally generated photons are trapped in the device stack and eventu-
ally lose energy through a variety of loss channels owing to the non-ideal light 
outcoupling [2–5, 15].

Low light outcoupling yields in PeLEDs normally arise from (i) waveguide 
modes parallel to the substrate due to the larger refractive indices of perovskites 
(~2.5) compared to the commonly used charge-transport materials and transparent 
electrodes (~1.7–1.8) [3] and (ii) the total internal reflection of emitted photons over 
a wide range of emission angles owing to the difference between the refractive indi-
ces of the device substrate and the air. Consequently, only photons from a small 
emission cone can escape from the PeLED device (Fig.  3c), while the rest are 
trapped in waveguided and substrate modes.

Opportunities in improving EQEs further lie in the ability in extracting the 
trapped photons from PeLEDs. Light outcoupling strategies for PeLEDs can be 
briefly divided into two categories, modifications of the perovskite layer properties 
and the employment of external optical structures.

5.1 � Modification of Perovskite Layer Properties

Some notable approaches for light outcoupling based on the modification of the 
perovskite layer properties are the reduction of refractive index (n) [3], control of 
transition dipole moment orientations [39–44], formation of light scattering struc-
tures within the emissive layer [2], and photon recycling [16]. According to the ray 
optics limit of 1/2n2, the reduction of n can increase ηout for planar PeLEDs. For 
typical 3D perovskites, n is ~2.5. Including 2D ligands with a significant fraction of 
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organic content in the perovskite composition lowers n to ~2.1 [3]. Introducing 
polymers into the perovskite emissive layers was reported to reduce n further to 
~1.9 [3], resulting in an ηout of ~21% (Fig.  4a) and EQEs of up to 20.1% [3]. 
Orientation of transition dipole moments (TDMs) also plays an important role in the 
photon extraction processes. Emission from only horizontally oriented TDMs can 
be effectively extracted. The fraction of horizontal TDMs could be tuned by engi-
neering the perovskite nanostructures [39–42, 44]. For PeLEDs based on nanoplate-
lets [39], a horizontal dipole fraction of ~84% and ηout of 31% were reported. Tuning 
of the fraction of horizontal TDMs can also be achieved for solution-processed 
polycrystalline perovskite films [43]. Light scattering in rough or structured emis-
sive layers is expected to enhance ηout. PeLEDs based on submicrometer-scale struc-
tures were reported to have outcoupling efficiencies of ~30%, leading to peak EQEs 
of up to 20.7% (Fig. 4b) [2].

Photon recycling improves the light extraction from PeLEDs by randomizing the 
directions of trapped photons in a fashion similar to scattering, but through the reab-
sorption and re-emission of light (Fig. 4c) [16, 28, 29, 45]. It was reported that for 
PeLEDs based on perovskite emitters with high internal radiative efficiencies and 
small Stokes shifts (e.g., PEA2Csn-1PbnBr3n + 1), about 30–70% of EL may originate 
from photon recycling [16]. The theoretical outcoupling efficiency of PeLEDs in 
the presence of photon recycling is given by
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where fbalance is the charge balance factor, fout, direct is the direct light outcoupling effi-
ciency, ηrad is the internal radiative efficiency of the perovskite layer, and Apara is the 
parasitic absorption loss external to the perovskite layer [16].

Fig. 4  Case studies of light outcoupling in PeLEDs. (a) Modeled fractional optical power distri-
bution in the LED structure as a function of emissive zone position in the PPBH emissive layer 
with a thickness of 180  nm. The origin of the x-axis is the ETL/emissive layer interface. 
“Outcoupled emission” indicates the fraction of outcoupled light from the LED. Other modes lead 
to optical losses. (b) SEM image of the perovskite with submicrometer-scale structures. The scale 
bar represents 1 μm. (c) Simplified schematics for comparing light outcoupling processes in an 
OLED (upper panel) and PeLED (lower panel), with the arrows denoting photon trajectories. Panel 
a was reproduced from [3]. Panel b was reproduced from [2]. Panel c was reproduced from [28]
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5.2 � External Optical Structures

External optical structures such as lenses [39, 46, 47] and microcavities [48] are 
capable of converting optical power in substrate and waveguide modes into out-
coupled modes, resulting in substantially increased ηout. It was reported that a light-
outcoupling hemispherical lens improved the peak EQEs of perovskite nanocrystal 
LEDs from 23.4% to 45.5% [49]. Microcavities were used to improve ηout from 
~20% to ~30% for top-emitting PeLEDs featuring transparent electrodes, leading to 
peak EQEs of up to 20.2% [50]. Similarly, other light outcoupling approaches 
employing plasmonic effects [51, 52] and refractive index matching [53–55] were 
found to improve ηout for PeLEDs.

6 � Challenges

While the researchers in the field have witnessed a remarkable progress in improv-
ing PeLED performance, many challenges remain. Some of the most critical current 
shortcomings of PeLEDs include poor operational stability, the low efficiencies of 
blue PeLEDs, the toxicity of lead, and the difficulty in micropatterning for mini/
micro-PeLED applications.

6.1 � Operational Stability

The poor operational stability of PeLEDs is the grandest challenge in their journey 
toward commercialization. Halide perovskite materials were widely considered to 
be intrinsically unstable under electric fields due to the ionic nature of their crystal 
lattices. Device lifetimes (T50) are typically on the order of 10–100 hours. This is 
clearly unsatisfactory as practical applications require much improved device lon-
gevity (longer than 10,000 h at useful photon fluxes) [56].

A recent breakthrough in this area was the demonstration of efficient (peak EQE 
=22.8%) FAPbI3 PeLEDs with ultralong operational lifetimes meeting the demands 
of commercial applications. This was enabled by the introduction of a dipolar 
molecular stabilizer, SFB10 [18]. The PeLEDs showed no degradation over 3600 h 
(5 months) under continuous operation at a current density of 5 mA cm−2. Accelerated 
aging tests at current densities of 10–200 mA cm−2 were performed to obtain the 
operational lifetimes of the PeLEDs, according to an empirical scaling law devel-
oped for modeling the degradation of LEDs:

	 R Tn
0 50� � constant 	 (5)

where R0 is the initial radiance of the LED and n is the acceleration factor. Based on 
the 62 data points acquired from the accelerated aging tests, T50 lifetimes were 
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estimated to be ~1.2  ×  104  h (~1.3  years) and ~  3.3  ×  104  h (~3.7  years) at 
3.7 W sr−1 m−2 (5 mA cm−2) and 2.1 W sr−1 m−2 (3.2 mA cm−2), respectively (Fig. 5a). 
Longer T50 lifetimes were estimated for lower radiances, for example, at 
0.21 W sr−1 m−2 (0.7 mA cm−2), the T50 lifetime was estimated to be 2.4 × 106 h (2.7 
centuries). For reference, for high-efficiency OLEDs based on Ir(ppy)3, a luminance 
of 1000 cd m−2 corresponds to a radiance of 2.1 W sr−1 m−2, and a luminance of 
100 cd m−2 corresponds to a radiance of 0.21 W sr−1 m−2. The dipolar molecular 
stabilizer interacts with the cations (FA+, Pb2+) and anions (I−) at the grain boundar-
ies of the FAPbI3 perovskite. This suppresses ion migration under electric fields, 
preventing the formation of lead iodide which mediates detrimental phase transfor-
mation. The ultralong device lifetimes could remove the critical concern that halide 
perovskite devices may be intrinsically unstable, paving the path toward industrial 
applications [18]. Despite these encouraging results, stable PeLEDs emitting in the 
visible spectral range are yet to be demonstrated.

Ion migration is a key mechanism limiting the operational stability of PeLEDs 
[59–61]. Owing to the soft and ionic crystal structure of the halide perovskites, ion 
migration may be triggered by external stimuli such as electric fields, heat, and light 
(Fig. 5b) [57, 59, 62]. Ionic movements would induce detrimental effects on the 
performance of PeLEDs through defect generation, lattice deformation, interfacial 
ion accumulation, ionic doping, and chemical interactions [59]. Apart from the 
aforementioned dipolar molecular stabilizer approach [18], a range of methods such 
as molecular passivation [2, 4, 63–68], dimensionality control [12, 69–71], and 
thermal management [72] were explored to suppress the effects of ion migration. 

Fig. 5  Recent studies on PeLED operational stability and ion migration. (a) The T50 lifetimes as a 
function of initial radiance (R0); the solid line is the fitting of the T50 data to equation R0

n × T50 = con-
stant, where n is the acceleration factor (n = 1.86). The data points marked by the solid dots are 
from completed T50 measurements (total data points, 62). The open circles are the extrapolated T50 
lifetimes for the ongoing measurements at medium and low current densities, which are expected 
to finish after longer times. (b) Ionic transport mechanisms in a CH3NH3PbI3 perovskite structure. 
Schematic illustration of the three ionic transport mechanisms involving conventional vacancy 
hopping between neighboring positions: I− migration along an octahedron edge; Pb2+ migration 
along the diagonal direction <110>; CH3NH3

+ migration into a neighboring vacant A-site cage 
involving motion normal to the unit cell face composed of four iodide ions. (c) Normalized PL 
intensity as a function of time for 3D MAPbBr3, CsPbBr3 QD, and MA-PeMOF thin films in ambi-
ent air (relative humidity of 30%) under constant UV irradiation (254 nm). Insets show the PL 
spectrum of the MA-PeMOF thin film before and after irradiation for 200 hours (left) and their 
photographs under UV light (right). Scale bar, 1 cm. WL, wavelength. Panel a was reproduced 
from [18]. Panel b was reproduced from [57]. Panel c was reproduced from [58]
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Metal-organic frameworks (MOF) were reported to enable enhanced operational 
stability of PeLEDs by preventing ion migration in the perovskite-MOF emissive 
films (Fig. 5c), achieving bright and stable (T50 > 50 h) green EL [58]. A cross-
linking strategy using methylene-bis-acrylamide was reported to strengthen the 
binding of Br− and increase the activation energy of ion migration in bromide 
perovskite-based LEDs, leading to a T50 lifetime of 208 h [63]. As halide ions are 
widely considered to be the primary contributor to ion migration [60, 61], further 
efforts in the control of halide ions are expected to show benefits in improving 
device stability. This could be achieved in a number of ways, including raising the 
barriers to ion migration using molecular stabilizers [18] and reducing halide vacan-
cies [73].

Phase transformation and halide segregation are some of the main factors for the 
instability of blue and red PeLEDs based on mixed-halide [74] and mixed-
dimensional perovskites [71] and perovskite structures with undesirable tolerance 
factors [67, 75]. Common triggers for these processes include unfavorable material 
composition [71], halide migration [74], lattice strain/stress, and externally induced 
structural evolution [67, 75]. It is possible to partially suppress halide segregation 
by modifying the nanocrystal surfaces with multidentate ligands, hindering the for-
mation of iodine Frenkel defects [68]. Despite such improvements, the T50 lifetime 
at an initial luminance of 141 cd m−2 was only 30 min for these devices, indicating 
that considerable challenges remain for mixed-halide PeLEDs [68]. Interfacial 
chemical interactions [65, 75] and thermal degradation [65] are some of the addi-
tional contributors to the structural instability of halide perovskites.

6.2 � Blue PeLEDs

Unlike near-infrared, red and green PeLEDs exhibiting high EQEs of over 20%, the 
efficiencies of blue PeLEDs are still low. For “standard” blue PeLEDs with peak 
wavelengths equal to or shorter than 470 nm, the EQEs are below 10%, limiting 
their potential application in wide-color-gamut displays. Moreover, the operational 
stability of blue PeLEDs is significantly worse compared to PeLEDs emitting at 
longer wavelengths.

The most widely used method for achieving blue PeLEDs is the mixing of bro-
mide- and chloride-based perovskite precursors (i.e., halide mixing). However, the 
PLQEs of the blue perovskite emitters normally reduce as the chloride fraction 
increases, owing to the small formation energy of chloride vacancies [73]. Blue-
emitting perovskites prepared from bromide-chloride mixing often show undesir-
able Goldschmidt tolerance factors, resulting in reduced stability [76]. Besides, the 
halide vacancies are active sites for ion migration, leading to spectral and structural 
instability [67, 75].

An alternative approach for attaining blue PeLEDs is through quantum confine-
ment effects in reduced-dimensional bromide perovskites, shifting the emission 
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wavelengths from the green to blue regions. These typically include quasi-2D/3D 
perovskites [77] and perovskite nanocrystals/quantum dots [19]. Reduced-
dimensional perovskites show advantages in PLQEs due to the generally larger 
exciton binding energies [28, 78] or fast-energy transfer/funneling processes [11, 
12] that increase the probability of electron-hole encounters, and the improved pas-
sivation [3] of nanocrystalline perovskite grains. For quasi-2D/3D perovskite sys-
tems, a main challenge lies in the difficulty in attaining uniform phase distribution 
for blue EL with high spectral purity [77]. Similarly, for perovskite nanocrystals 
(including quantum dots), the broad distribution of nanocrystal sizes could result in 
a wider emission bandwidth due to the bandgap variations of the nanocrystals, 
affecting the spectral narrowness of EL.

While a few recent works reported efficient blue PeLEDs with EQEs>10% [20, 
79, 80], the EL emission was still limited to the sky-blue spectral region 
(475–495  nm), deviating from the requirements of high-definition displays. 
Understanding the nucleation and crystallization processes and the origin of nonra-
diative losses in blue perovskite emitters may lead to further advances in this area. 
Achieving stable operation with blue PeLEDs presents even greater challenges and 
is expected to be a subject of future research.

6.3 � Toxicity

Similar to perovskite solar cells, high-performance PeLEDs are typically based on 
lead halide perovskites. The potential toxicity of metallic lead (Pb) in the perovskite 
materials raises concerns over the possible impacts to human health and the natural 
environment, limiting the scope of practical applications. The search for eco-
friendly alternatives to the lead-based perovskites is therefore an important direc-
tion in the area of PeLEDs.

Some of the most widely used methods for the reduction of toxicity include par-
tial or complete replacement of Pb with other group-IV metals (e.g., Sn [81–83] and 
Ge [23]) and double perovskites [21]. As Pb-based perovskites generally show 
superior optoelectronic properties, replacing Pb with nontoxic elements while 
maintaining high device performance is a clear goal in this direction.

Replacing Pb with Sn was found to be effective in producing efficient perovskite 
solar cells with reduced toxicity. However, Sn-based (including Pb-Sn) perovskites 
generally show significantly reduced PLQEs compared to the Sn-free, Pb-based 
perovskites. This might be due to the reason that it is more likely to form a higher 
density of trap states related to the oxidation of Sn2+ and the rapid crystallization of 
Sn-based perovskites [81]. Decent EQEs of up to ~5% from Sn-based perovskite 
LEDs were reported [82, 83], but the overall device performance remained 
unsatisfactory.

Recently, it was shown that it is possible to prepare highly luminescent Ge-Pb 
perovskite films with PLQEs of up to ~71%. This led to the demonstration of 
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efficient green PeLEDs with EQEs of up to 13.1% [23]. While this indicates new 
opportunities in this direction, achieving high efficiencies for lead-free PeLEDs 
remains to be a challenging task.

Double perovskites, with a general formula of A2BIBIIIX6, is another important 
material class for lead-free devices [21]. While a wide variety of material composi-
tions can be expected from this class of perovskites, currently they exhibit low 
PLQEs [84], largely due to the indirect bandgap nature and the high densities of 
traps for most of the double perovskites developed. Metal ion dopants were used to 
raise the PLQEs of double perovskites. For instance, by introducing Bi3+ and Na+, 
Cs2Ag0.6Na0.4InCl6:0.04% Bi powders showed a PLQE of ~86%, three orders of 
magnitude higher than that of Cs2AgInCl6 [21]. However, preparing efficient 
PeLEDs based on double perovskites remains very challenging, partly owing to the 
limited quality of the perovskite films [21].

6.4 � Mini- and Micro-PeLEDs

Mini- and micro-light-emitting diodes (mini/micro-LEDs) [85–88] have attracted 
much attention owing to their superior characteristics of low power consumption, 
high contrast ratio, high brightness, high response speed, and high efficiency. While 
the current mini/micro-LED technologies are known to be advantageous, the 
requirement for high-quality epitaxial III-V semiconductors becomes more strin-
gent, as reducing the pixel sizes to the microscopic scale tends to generate nonradia-
tive loss pathways near the sidewalls of the active regions [86, 89]. Besides, the 
mass-transfer process required for the production of mini/micro-LED displays 
reduces the manufacturing yields [90–92]. These factors inevitably increase the pro-
duction costs of mini/micro-LEDs.

Despite the promise of PeLEDs as a low-cost alternative to the mainstream LED 
technologies, the options for creating efficient PeLEDs with microscopic pixel sizes 
remain limited, leading to moderate emission efficiencies from PeLEDs with 
micropatterned emissive arrays [93, 94]. The possibility of developing single-pixel 
mini/micro-PeLEDs is rarely explored.

Recently, efficient mini/micro-perovskite LEDs were reported. The compatibil-
ity of luminescent perovskite with self-aligned photolithography (Fig.  6) was 
enabled by the insertion of a lithium fluoride surface-tension-relief layer. Active-
layer luminescence properties and morphological control are critical to mini/micro-
PeLEDs. Following these design rules, proof-of-concept mini/micro-PeLEDs with 
active pixel areas of down to 100 × 200 um2, and peak external quantum efficiencies 
of up to ~9.1%, were developed [25]. While this study indicated the potential of 
next-generation mini/micro-PeLED displays, such applications demand individu-
ally addressable pixel arrays with considerably smaller pixel sizes comparable to 
commercial micro-LEDs.
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Fig. 6  Illustration of self-aligned micropatterning processes for mini/micro-PeLEDs. (I) Spin-
coating negative photoresist. (II) UV exposure and development. (III) SiO2 deposition. (IV) 
Photoresist removal. (V) HTLs with perovskite deposition. (VI) LiF deposition. (VII) ETLs with 
cathode deposition. Figure 6 was reproduced from [25]

7 � Summary

PeLEDs have been recognized as an emerging technology for display, lighting, and 
communication applications. In this chapter, we have provided an overview of the 
basic designs, operating principles, and main challenges of PeLEDs. While the 
device architectures and fabrication processes of PeLEDs are similar to that of 
perovskite solar cells and solution-processed OLEDs, they exhibit some interesting 
light emission characteristics comparable to LEDs based on III-V semiconductors 
[9, 10]. The excellent spectral tunability and narrow emission linewidth of PeLEDs 
are potentially advantageous over that of OLEDs. The rapid progress in device effi-
ciencies was primarily driven by material design and device engineering, leading to 
IQEs of approaching 100%. The suppression of both bulk and interfacial nonradia-
tive recombination losses was key to reaching this goal. Opportunities in raising the 
EQEs of PeLEDs beyond the current state-of-the-art (20–28%) [2–6, 15] lie in the 
improvement of light outcoupling from the devices.

Looking forward, many challenges remain in developing PeLEDs from a labora-
tory curiosity to a commercially viable technology. A recent breakthrough was 
made in addressing the critical challenge of device instability [18], demonstrating 
NIR PeLEDs with ultralong operational lifetimes meeting the demands of practical 
applications. However, similar device stability is yet to be achieved for PeLEDs 
emitting in the visible region. Moreover, blue and low-toxicity PeLEDs face consid-
erable challenges in raising the efficiency and stability beyond what can be cur-
rently achieved. While technical difficulties are present in the reliable micropatterning 
of perovskite devices, mini/micro-PeLEDs [25] are a promising research direction 
toward high-pixel-density display applications. Despite the challenges ahead, 
PeLEDs have set the sail for becoming a next-generation light source technology.
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Excitons in CsPbBr3 Halide Perovskites

J. A. Peters, Z. Liu, O. Bulgin, Y. He, V. Klepov, M. De Siena, 
M. G. Kanatzidis, and B. W. Wessels

1 � Introduction

Metal halide perovskites (MHPs) are currently being considered for many applica-
tions, including light-emitting diodes (LEDs) and room-temperature hard radiation 
detector devices. MHPs have been utilized in hard radiation detector devices due to 
their good physical properties and reasonably high atomic number elements. 
Moreover, they possess large bulk resistivity that leads to small dark currents and 
low noise for radiation detector devices. Recently, we have shown high-resolution 
radiation detectors with very narrow linewidths using CsPbBr3 as the MHP [1–3]. 
Notwithstanding the considerable potential of halide perovskites for ionizing 
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radiation detection, there is no broad consensus on their charge transport character-
istics. To further improve the detector performance, charge transport in the devices 
needs to be studied and optimized, while an understanding of the role of charge 
transport on detector efficiency is required [4]. There is a competition between 
recombination via extrinsic disorder and intrinsic disorder. Hence, native defects 
and impurities that scatter or trap carriers need to be removed or optimized, and 
intrinsic scattering and trapping mechanisms that limit mobility need to be resolved. 
Toward this end, several experimental and theoretical investigations on MHPs have 
been undertaken [5, 6]. One such investigation involved the interaction between a 
charge carrier and the lattice, attributing coupling to longitudinal optical (LO) pho-
nons through the Coulomb interaction [7]. LO phonon scattering induces a mobility 
limit at room temperature for most polar materials [7]. Understanding the role of 
electron-phonon scattering interactions is needed to enhance detector performance. 
Two types of electron-phonon interactions have been previously described [8, 9]. 
They include acoustic deformation potential scattering and Frohlich-type polaron 
interactions. For Frohlich interactions, lattice polarization generates a large electric 
field via LO phonon modes. These Frohlich interactions strongly limit the room-
temperature charge-carrier mobility in metal halide perovskite. Calculations indi-
cate that the carrier mobility for MAPbI3 is limited to 80 cm2/Vs, which is close to 
the experimentally observed value [10]. Frohlich polar interactions also lead to 
polarons forming either highly localized (small polarons) or extended in space 
(large polarons) [11]. The movement of polarons is regulated by the nature of the 
polar lattice, with small polarons moving incoherently by way of a hopping mecha-
nism and the large polarons moving coherently via scattering events [8, 12]. Small 
polarons have been optically revealed as a broad peak on the low energy side of the 
free exciton peak utilizing photoluminescence measurements. These low-energy 
near band edge states trap carriers and alter charge transport in the materials, includ-
ing carrier mobility and mobility-lifetime products (μ-τ), which are important for 
developing halide perovskites for radiation detection applications. Ultimately, trap 
states could lead to peak broadening in radiation detectors.

Here, we investigate photogenerated charge carriers in bulk CsPbBr3 single crys-
tals using photoluminescence (PL) spectroscopy and time-resolved photolumines-
cence (TR-PL) spectroscopy to determine the nature of charge transport. Although 
there have been numerous reports of near band edge emission (NBE) in CsPbBr3 via 
PL and TR-PL, most of these have been studied on nanocrystals, nanosheets/nano-
plates, and quantum dot structures with very few studies on bulk single crystals with 
a view on applications to ionizing radiation detectors [13, 14]. The question arises 
as to the nature and identity of the background defects in the high-purity, Bridgman 
material. Knowledge of excitonic states and band tail states is necessary for under-
standing recombination and transport in these materials. Do band tail or Urbach-like 
states exist in single-crystalline materials? Previously we found in bulk CsPbBr3 
single crystals that a band edge luminescence at ~2.3 eV dominated the spectrum 
[15]. The PL peak was further resolved into two peaks at 2.29 eV and 2.33 eV. The 
emission peaks were attributed to free exciton recombination and bound exciton 
recombination. No evidence of deep-level emission was observed in the spectrum. 
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Using Toyazawa’s analysis of FWHM of the NBE peak, a phonon energy of 16 meV 
was obtained [16]. We also reported on the temperature dependence and effect of 
excitation intensity on the time-resolved near band edge emission (NBE) PL.  A 
simple rate equation, including single carrier recombination and electron-hole exci-
ton recombination, was used to describe the NBE bands [17]. In that study, mono-
molecular and bimolecular recombination contributions were distinguished. A 
double exponential decay curve described the time-dependent PL. This finding was 
consistent with the thermal quenching measurements where the temperature depen-
dence was well-described by a double exponential thermal quenching curve. The 
activation energies of thermal quenching were 17 meV and 0.7 meV. A question 
remains as to the identity of the exciton-related PL peaks. In the present study, we 
measure the thermal quenching of the spectrally resolved near band edge PL.  In 
addition to excitonic states, we studied band-tail states near the conduction band 
edge. These band-tail states are involved in both charge transport and 
luminescence.

2 � Experimental Methods

2.1 � Synthesis

CsPbBr3 (ID: YH2105) was synthesized via a solid-state reaction, and single crys-
tals were grown using the Bridgman method and polished for optical measurements. 
These procedures are described in detail elsewhere [18]. Specifically, a Φ10 mm 
quartz tube was utilized for the melt growth, which was placed inside a two-zone 
Bridgman furnace. The overheating temperature and cooling rates were ~ 20–30 K 
and 1–5 K/h, respectively. The As-grown Φ10 mm ingot was then mechanically cut 
and polished for optical measurements.

2.2 � Low-Temperature Photoluminescence Measurements

Temperature-dependent and excitation intensity-dependent photoluminescence 
(PL) were measured for the CsPbBr3 compound. The sample mounting procedure 
and measurement setup were similar to those described by us previously [19]. A 
continuous wave diode laser (OBIS 405 nm LX, 100 mW) with a constant power of 
up to 100 mW and intensity of up to 6944 mW/ cm2 was used as the excitation 
source of the PL measurements. A set of calibrated neutral optical density filters 
was used to tune the power from ~1.26 μ W to 50 mW, so as to limit the laser inten-
sity between 1.4 and 3472 mW/cm2 for temperature- and power-dependent mea-
surements. Temperature-dependent PL measurements were made with 2  mW 
(intensity of ~140 mW/cm2) laser power to ensure reproducibility. Power-dependent 
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PL measurement was conducted at 13 K. Repeating the measurements yields the 
same signal for the chosen laser powers, indicating that the samples are undamaged.

2.3 � Time-Resolved Photoluminescence (TR-PL) Measurements

For the TR-PL measurements, the CsPbBr3 perovskite crystal is illuminated with 
the 405-nm light pulses operated at 20–1000 Hz. The pulse width was kept at 1 μs 
or 100 μs and the spot size is ~1 mm2. The measurement setup was like that previ-
ously reported [10]. The exposure of the sample to a laser pulse gives rise to a 
TR-PL response, which passes through a spectrophotometer (SPEX 500 M) and is 
picked up by the PMT. The signal after PMT is monitored by an oscilloscope with 
50 or 75 Ω impedance. The low impedance is chosen to ensure that the trace of the 
TR-PL accurately reflects the time decay behavior. Since the lower limit of the 
oscilloscope is 1 mV, any TR-PL signal lower than 0.1 mV does not have a suffi-
cient signal to noise ratio. For each given temperature, the peak or shoulder loca-
tions of PL is first scanned. Then the operating wavelength of the spectrophotometer 
is tuned to each wavelength of interest, and TR-PL measurement is subsequently 
conducted. Figure  1 shows a schematic of the measurement setups for PL and 
TR-PL measurements.

3 � Results and Discussion

3.1 � Low-Temperature Photoluminescence Spectroscopy

The spectrum of excitonic emission from the bulk Bridgman-grown CsPbBr3 crys-
tals, and its thermal quenching over the temperature range of 13–80 K, is shown in 
Fig. 2a. A long exponential tail is observed in the PL spectrum on the low-energy 
side of the main peak (~2.29 eV), and it is shown with greater clarity on a semi-log 
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Fig. 2  (a) Spectrum of exciton emission for T = 13 K to 80 K. (b) PL spectra of different laser 
power at a temperature of 13 K. A band tail is observed at energies below 2.27 eV

plot in the inset of Fig. 1. Three bands are observed at 2.27, 2.29, and 2.33 eV. The 
band at 2.27 eV has a long shoulder on the low-energy side. Upon heating, the lumi-
nescence from the three bands decreases in intensity. At a temperature of 13 K, the 
full width at half-maximum (FWHM) for each of the observed peaks are 31.8, 19.4, 
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and 18.9 meV, respectively. By comparing the peaks detected here with previous 
work on CsPbBr3, single-crystal peaks 2 and 3 can be attributed to free exciton 
recombination and bound exciton recombination [15]. The broader feature at 
2.27 eV (peak 1) may be the result of the defect-related transitions linked to native 
and structural defects. Figure 2b shows the PL spectra at a temperature of 13 K for 
different excitation powers. A pronounced band tail is observed for different excita-
tion levels.

The excitation power dependence of the PL intensity (Fig. 3) determines the type 
of recombination processes in these Bridgman grown crystals. It well known that 
the intensity I of the luminescence emission is proportional to Lγ where L is the 
power of the exciting laser radiation. An exponent (γ) value in the range 1 < γ < 2 
indicates exciton-like transitions, whereas γ < 1 suggests either free-to-bound or 
donor-acceptor pair transitions [20]. For the three peaks measured in the present 
study, the intensity I increases logarithmically with the excitation intensity L with 
the values of γ in the range 1 < γ < 2. This result indicates exciton-like emission for 
all three peaks. For further confirmation of the excitonic nature of these peaks, the 
excitation power dependence of PL intensity was measured at temperatures 
12 ≤ T ≤ 200. It is found that the gamma value does depend on temperature. The 
results in Table 1 show that the values of γ were > 1 for all the peaks at all tempera-
tures measured. This validates our initial assignment of the peaks to excitonic 
emission.

Trap ionization levels can be obtained from the peak intensity’s temperature 
dependence. Figure 4a shows a plot of the measured peak intensities (solid sym-
bols) of the three emission bands shown in Fig. 2a versus temperature. Also shown 
is the intensity versus reciprocal temperature in Fig. 4b. The intensity dependence 
of peak 2 reveals a monotonically decreasing behavior. Intensities of peaks 1 and 3 
have a weaker temperature dependence. We observe from the temperature-dependent 
peak intensities in Fig. 2a that peak 1 becomes unobservable and quenches above 

Fig. 3  PL intensity 
dependence on laser power 
for the three bands, with 
energies 2.27 eV, 2.29 eV, 
and 2.34 eV at 13 K
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Table 1  Dependence of gamma parameter on temperature for three bands

Peak γ(12 K) γ(35 K) γ(65 K) γ(95 K) γ(200 K)

2.27 eV 1.14 1.49 1.36 1.36 N/A
2.29 eV 1.38 1.38 1.53 1.53 1.46
2.33 eV 1.54 1.56 1.80 1.50 1.62

Fig. 4  (a) Dependence of peak intensity on T (K) for three peaks shown in Fig. 1a. (b) Intensity 
vs. 1/T for each of the peaks in Fig.  1a. (c) The ratio of intensities of exciton peaks versus 
temperature

50 K, while at ~55 K there is a temperature-induced intersection of the intensities of 
peaks 2 and 3. The ratio of the intensities of peaks 2 and 3 was analyzed using the 
following equation:
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where I2 and I3 are the integrated intensities, R2 and R3 are the radiative recombina-
tion rates, and Rn2 is the nonradiative recombination rate [21]. U0 gives the trapping 
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rate while U
E
k T

t

B
0exp  specifies the detrapping rate. Et is the activation energy 

or the thermal detrapping barrier height of trapped/bound excitons [22]. As shown 
in Fig. 4c, the ratio of the two peaks I2/I3 systematically decreased with increasing 
temperature. The decrease could be described in terms of an activated process as 
shown by the inset in Fig. 4c where a trapped/bound exciton is thermalized forming 
a free exciton or large polaron [23]. It can therefore be reasonably assumed that 
thermal transfer between the trapped/bound excitons and free excitons accounts for 
the observed PL at 13 < T < 80 K. The activation energy Et calculated using Eq. (1) 
above yielded a value of 7.6 meV which corresponds to the energy of thermalization 
of trapped/bound exciton to the free exciton. The dominance of the PL intensity of 
peak 2 over peak 3 at low temperatures (Fig. 4a) presumably indicates that the band 
at 2.29 eV (peak 2) is the free exciton emission. Free exciton trapping is known to 
be very efficient at low temperatures, with a trapping rate significantly greater than 
the detrapping rate of trapped/bound excitons [20]. An increase in temperature 
(15–30 K) causes a reduction in the population of filled trap states and gives rise to 
the high mobility of excitons or large polarons and a substantial decrease in PL 
intensity [21]. Polarons are formed when excess carriers interact and couple with 
ionic vibrations in polar materials such as CsPbBr3. These quasiparticles are created 
via the separation of an exciton [8].

Alternatively, the binding energy of excitons can be determined from the thermal 
quenching of emission using the following equation: [24].
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where I0 and C1 are constants and EB is the binding energy. C1 is associated with the 
intensity of the quenching process. By fitting the dependence of peak intensity on 
reciprocal temperature (Fig. 4b) with Eq. (2), the activation energy for the three 
peaks was determined to be 7.52, 17.3, and 130.6 meV, respectively. These activa-
tion energies can be ascribed to bound exciton formation involving different types 
of binding sites, such as intrinsic and extrinsic defects or lattice interactions. The 
quenching involves electron-phonon scattering, and the PL in CsPbBr3 is a result of 
the recombination of excitons trapped by small polarons. The PL emission peaks 
are narrow for the case where electron-phonon interactions are weak but broad for 
the case where the Huang-Rhys parameter S is large [19]. S describes the strength 
of the electron-phonon coupling.

The detailed nature of the disorder responsible for the near band edge PL emis-
sion and its temperature dependence is under study. One possibility previously put 
forth to describe the emission in defect perovskites is the self-trapped exciton. In 
that case, the PL line shape is nearly Gaussian, and the peak energies are just a few 
meV below the free exciton peak [25]. In contrast, the recombination model dis-
cussed here presupposes that local fluctuations in the potential landscape have 
trapped excitons [21]. The origin of potential fluctuations that bind excitons is 
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related to the presence of point defects (e.g., vacancies and interstitials) as well as 
extended defects (e.g., twins and sub-grain boundaries). These fluctuations have 
been proposed by M. Baranowski [21] to be the source of the low carrier mobilities 
observed in these perovskite materials. From the Drude-Anderson model for mobil-
ity μ = eτ/m* where m* is the carrier effective mass [8]. For the halide perovskites, 
there is a mobility edge between the free exciton level and the bound exciton level. 
An increase in m* for carriers below the band edge is observed, resulting in lower 
mobilities for carriers. The presence of fluctuations gives rise to the mobility edge. 
Figure 5 shows a schematic representation of the model used to describe the near-
band edge PL emission. The various pathways for the trapped/bound excitons, i.e., 
radiative recombination, hopping between different localized minima [26], or acti-
vation to a free exciton state, are indicated.

The thermal quenching of NBE PL in hybrid halide perovskites has been ascribed 
by M. Baranowski [21] to the thermalization of trapped/bound carriers into the con-
duction band. Here, the mobility and diffusion length of the excitons/polarons are 
larger and that enable their diffusion and capture by nonradiative, trapping centers 
near or at the surface. As the temperature increases, the bound excitons thermalize 
into the conduction band where higher mobilities are observed. That phonons are 
involved in the recombination can be observed in the prior studies of PL peak energy 
dependence on temperature E(T) where a combination of the electron-phonon (EP) 
interaction and thermal expansion (TE) contributes to the luminescent peak shift 
according to the following equation: [27].

	
E T E A T S k TTE B� � � � � � � � � ��� ��0 2 1 � �coth /

	
(3)

where E(0) is the peak energy at T = 0 K, ATE is the thermal expansion parameter, S 
is the Huang-Rhys factor indicating electron-phonon coupling strength, and 〈ħω〉 is 
an average phonon energy. From the analysis of peak energy shown in Fig. 6, and 
using Eq. (3), an average phonon energy E of 6.5 meV and 27.4 meV was calculated 
for peaks 2 and 3, respectively. The Huang-Rhys parameter S was 3.81 and 1.51 for 
peaks 2 and 3, respectively, signifying a strong coupling. The effective phonon 

Fig. 5  Model for density 
of states versus energy. 
Excitons are trapped/bound 
below the conduction band 
edge in the band tail (after 
Ref. [21], Fig. 3a)
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Fig. 6  Peak energy (E) vs. 
temperature (T) for phonon 
energy calculation using 
Eq. (3)

Fig. 7  Semi-log plot of 
the transient PL decay 
curve of peak 2 emission 
obtained at 20 K. Solid line 
is the fitting curve with the 
biexponential decay 
function as described in the 
text with τ1 = 12 ns, and 
τ2 = 91.4 ns

energy values of 6.5 and 27.4  meV are in fair agreement with prior values of 
8.9 meV [28] and 20.5 meV [3] found using Raman spectroscopy.

3.2 � Transient Photoluminescence Spectroscopy

The PL peak emission bands were further examined using time-resolved PL (TR-
PL) spectroscopy. Figure 7 shows a typical decay curve for peak 2 (2.29 eV) at 
20 K. The luminescence intensity I(t) can be described by the following equation:
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where C1 and C2 are scaling parameters. By fitting the data to Eq. (4), a short time 
constant τ1 = 12 ns and a long time constant τ2 = 91.4 ns were determined for peak 
2. For peak 3, τ1 = 1.9 ns and τ2 = 18.3 ns. A biexponential decay function with 
decay times indicates the presence of two separate processes [26] in the observed 
PL decay that leads to either radiative or nonradiative recombination. While multi-
exponential fitting describes the shape of a decay curve, we cannot assign a distin-
guishable physical mechanism to each component; hence, a comprehensive kinetic 
analysis is needed. Further studies are in progress on our samples.

The average PL lifetimes of peaks 2 and 3 can be obtained using [29]
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From Eq. (5), average lifetimes of ~17 ns and ~ 38 ns were determined for peaks 
2 and 3, respectively. The longer average lifetime of peak 3 may be attributable to 
the trapping of excitons (shown in the inset of Fig. 4c) by states that are formed by 
point defects (vacancies, interstitials, etc.) and extended defects (twins). Point 
defects trap charge carriers and control the carrier lifetime, thereby affecting radia-
tion detector charge collection. In contrast, significant fluctuations initiated by 
extended defects can impair the performance of these detectors [30].

We carried out temperature-dependent TR-PL measurements to gain further 
information on decay dynamics. Our measurement of temperature-dependent CW 
PL allowed us to determine the locations of the points of interest. As shown in 
Fig. 8, a second peak with a relatively strong intensity on the lower energy side 
(2.30 eV) can be observed at ~50 K.

TR-PL measurements were carried out at temperatures ranging from 12 to 50 K 
(Fig. 9). Both a fast and a slow state are visible. Because the measurements had a 
low signal-to-noise ratio, no fit was reported for the other peaks other than the 

Fig. 8  (Left) Normalized PL intensity vs. temperature at excitation power of 2  mW. (Right) 
Three-dimensional map of the PL spectrum
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Fig. 9  TR-PL decays and fits at 12 K, 35 K, and 50 K

Table 2  Fitting parameters obtained from TR-PL datasets

Temperature
Excitation 
power

Excitation 
power

Excitation 
power

Excitation 
power

Excitation 
power

12 K 2 mW 4 mW
C1:C2; ratio 9.87:8.07; 

1.223
2.89:2.44; 
1.185

τ1 29.27 ns 13.37 ns
τ2 401.13 ns 319.41 ns
35 K 2 mW 4 mW
C1:C2; ratio 2.17:2.45; 

0.886
5.76:5.32; 
1.083

τ1 74.82 ns 43.41 ns
τ2 566.26 ns 418.85 ns
50 K 10 mW 20 mW 40 mW
C1:C2; ratio 3.61:1.97; 

1.83
2.36:11.36; 
0.208

1.94:1.78; 
1.09

τ1 6.33 ns 47.62 ns 11.20 ns
τ2 521.03 ns 343.4 ns 416.14 ns
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dominant peak (2.3 eV), which only produced significant lifetimes. Table 2 shows 
that shorter lifetimes are observed for higher excitation power (4 mW) for the domi-
nant peak at 12 K and 35 K. This pattern can be explained using a bimolecular 
mode. It predicts that as excitation intensities increase, more bimolecular species 
will be formed, and recombination will occur more quickly. See Peters et al. (PRB 
2019) for more detailed arguments [17].

As depicted in Fig. 8, the temperature-dependent PL spectrum exhibits an anom-
alous transition at about 50 K. In order to comprehend this better, we conducted a 
TR-PL measurement at 50 K. As the excitation power rises from 10 to 20 mW, the 
fast decay component of the main peak (2.325  eV), as shown in Table  2, slows 
down, while the slow decay component speeds up. Excitation power increases of 
20–40 mW resulted in reverse trends. This unusual behavior at 50 K could be due to 
a power-dependent defect activation. We argue that the high 40 mW intensity on the 
sample may be sufficient to fill the defect states, which appear to be dynamically 
dormant.

3.3 � Polaron Strength Estimation

We estimated the polaron strength parameter to ascertain the nature of polaron cou-
pling and verify that the observed PL in CsPbBr3 is the result of the recombination 
of excitons trapped by small polarons. Several samples were used to test the correla-
tion between the square of the refractive index and the square of the wavelength of 
the light source. This relation is used to fit the dielectric constant in Monte Carlo 
simulations. A silicon wafer larger than the instrument’s aperture served as the stan-
dard in the infrared regime. Compound semiconductor samples are smaller in size 
and hence a correction is needed to calculate their reflectivity. A typical result for 
the substance CsPbBr3 is shown in Fig. 9. The red curve in the figure represents the 
outcome of a Filmetrics measurement to align the results in the 0.2–0.9 μm wave-
length range.

The anomalous sharp changes in n2 observed in Fig. 10 are assumed to be caused 
by a change in detectors in the instrument as well as band edge absorption. The 
results were used in the simulation to calculate the compound’s mobilities. The 
simulated results, which are 160 cm2/Vs for CsPbBr3, agree with the experimental 
results within a factor of 2 [31]. The dielectric constant limit, ε∞, is estimated to be 
4.3, which is consistent with what has been reported in the literature [32]. As a 
result, we evaluated our polaron strength parameter for zeroth-order approximation 
using the effective mass for hole carriers and omega therein, but with varying ε0, the 
low limit dielectric constant, from 10 to 30. The polaron strength parameter is in the 
range of 1.8 and higher. We could argue that our case falls under the category of 
strong polaron coupling.

Excitons in CsPbBr3 Halide Perovskites
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Fig. 10  The relationship between square of the refractive index vs. square of the wavelength of the 
light source (unit μm2) for a CsPbBr3 sample

4 � Summary and Conclusions

In summary, excitons in Bridgman-grown halide perovskite CsPbBr3 single crystals 
were examined using photoluminescence spectroscopy. The photoluminescence 
revealed the presence of three strong bands at the band edge temperatures below 
80 K. From the spectral response of the PL intensity below the band edge, a band 
tail or Urbach-like tail is observed. The temperature dependence and excitation 
dependence of the three bands indicate that they originate from the radiative recom-
bination of free excitons and trapped/bound excitons. The integrated intensity of the 
PL was strongly temperature-dependent and depended upon the specific exciton 
band. At low temperatures (≤ 60 K) intrinsic disorder and its related shallow below 
bandgap tail states determine the emission properties. The disorder evolves with 
increasing temperature and accounts for the broad emission peak at 2.27 eV. The 
integrated PL intensity dependence on temperature also demonstrated strong 
electron-phonon coupling in CsPbBr3 similar to other perovskites. The presence of 
electron-phonon interactions has implications for the utilization of CsPbBr3 in ion-
izing radiation detectors. A significant number of electron-phonon interactions dur-
ing charge transport result in carrier scattering and subsequently lower mobility. 
The time dependence of the luminescence intensity indicated a multi-phonon 
recombination process. Average lifetimes of ~17 ns and ~ 38 ns were measured for 
peaks 2 and 3, respectively. The origin of these edge states could be associated with 
point defects (metal/halide vacancies, interstitials, etc.), as well as twinning due to 
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the cubic-to-tetragonal phase transition in CsPbBr3. Eliminating the trapping sites 
for excitons should lead to materials with improved mobilities, carrier lifetimes, 
and, ultimately, detector properties.
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Charge Carrier Mobility of Metal Halide 
Perovskites: From Fundamentals 
to Ionizing Radiation Detection

Zheng Zhang and Bayram Saparov

1 � Introduction

The detection of ionizing radiation (e.g., X-ray and γ-ray detection) plays a pivotal 
role for a wide range of practical applications, including medical imaging, national 
security, astrophysics and particle physics, national security, and high tech and con-
sumer electronics [1–3]. Recently, three-dimensional (3D) metal halide perovskites 
(MHPs, Fig. 1a) with the general chemical formula ABX3 (where A = methylam-
monium, formamidinium, or Cs+; B  =  Pb2+; X  =  I−, Br−, Cl−) have shown great 
promise for radiation detection due to their suitable bandgap energies, high bulk 
crystal resistivity, superior charge carrier transport properties, and preparation using 
simple and low-cost solution-processing methods [5–7] (Fig.  2). However, the 
instability of semiconducting 3D halide perovskites under ambient air, irradiation, 
and heat exposure is a major concern; therefore, lower-dimensional perovskites 
(e.g., two-dimensional (2D), one-dimensional (1D), zero-dimensional (0D)), which 
incorporate larger organic spacers that serve as electrically insulating layers along 
the vertical direction (Fig. 1b), have been studied as alternatives to 3D perovskites. 
Among notable high-performance 3D perovskites is CsPbBr3, which shows encour-
aging gamma photon detection performance with a superior detector energy resolu-
tion of 1.4% for 662  keV γ-ray radiation [12]. While materials and device 
performance-focused studies dominate the field, in-depth understanding of the 
charge carrier transport dynamics of halide perovskites is still limited [13]. This is 
at least in part due to the unusual fundamental chemical and physical properties of 
this new class of materials including the halide ion migration issues. Inherent limi-
tations of the moderate charge carrier mobility of MHPs are not still fully explored 
and understood. In addition, the reported experimentally measured mobility values, 
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Fig. 1  (a) A polyhedral representation of the 3D crystal structure of the parent ABX3 perovskite. 
(b) Sample 2D perovskite structures containing variable thickness inorganic layers; charge trans-
port in 2D perovskites is expected to be anisotropic with the preferred charge transport direction 
along the inorganic layers (reproduced with permission from [4], American Chemical Society, 
Copyright 2019.). (c) Illustration of the direct and indirect band to band transitions (reproduced 
with permission from [5], AIP Publishing, Copyright 2021)

Fig. 2  Metal halide perovskites (MHPs) are an exciting new class of semiconductors with favor-
able chemical and physical properties that allow their consideration for several optical and elec-
tronic applications including ionizing radiation detection (reproduced with permission from [8], 
Springer Nature, Copyright 2020; [9], Springer Nature, Copyright 2018; [10], Royal Society of 
Chemistry, Copyright 2017; [11], Springer Nature, Copyright 2015)

even for the same material composition and stoichiometry, show a vast variation in 
literature. In this chapter, we aim to summarize the literature-reported carrier mobil-
ity values for MHPs and provide an explanation for the origin of the unusually high 
variation in the reported mobilities. Further, we outline several future research 
directions to ensure the accurate elucidation of the charge carrier dynamics and 
reveal the charge carrier mobility of MHPs. This chapter will cover the basics of 
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charge carrier transport of semiconductors including metal halide perovskites, mea-
surement techniques and methods for determining the carrier mobility, and the cur-
rent limitations in understanding the charge carrier dynamics of MHPs.

2 � Basics of Carrier Transport

2.1 � Optical Bandgap and Electron-Hole Pair Creation Energy

The charge carrier electron-hole pair creation energy (W) depends on the bandgap 
energy (Eg) of a semiconductor [14]:

	
W E

g
� �2 1 43.

	
(1)

In intrinsic semiconductors, carrier densities are low with most of the charge car-
rier electrons sitting in the valence band (VB). Through heat/photon excitation 
(including ionizing radiation such as X-rays, γ-rays, alpha particles), electrons gain 
sufficient energy and move to the conduction band (CB), and thus, they become free 
charge carriers. According to the bandgap nature of semiconductors, the VB to CB 
band-to-band transitions could be either direct or indirect type (Fig. 1c). For indirect 
bandgap semiconductors, the transition of electrons from VB to CB requires the 
participation of phonons to conserve the momentum. Therefore, direct bandgap 
semiconductors are preferred for applications that involve photo-absorption.

2.2 � Carrier Mobility and Mobility-Lifetime Product

For ionizing radiation detection applications, charge transport is typically evaluated 
together with the carrier lifetime as a part of the mobility-lifetime (μ-г) product, a 
metric typically cited when discussing the prospects of a given material system. The 
intrinsic charge carrier lifetime of semiconductors is the time from carrier produc-
tion to carrier recombination and could be determined using the time-resolved pho-
toluminescence (TRPL) technique. Charge carrier mobility is defined as the carrier 
velocity v (cm/s) divided by the drift time t (s) using the below formula:

	
� �

v

t 	
(2)

Mobility-lifetime product is more representative of the carrier transport proper-
ties as compared to the carrier mobility. In literature, the μ-г product for halide 
perovskite semiconductors has been determined using two ways: (i) the photo-
current approach enabled by measuring the induced current through X-ray or laser 
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Fig. 3  The mobility-lifetime product extracted for electrons and holes using the CsPbBr3 
perovskite alpha particle detector (reproduced with permission from [16], Elsevier, Copyright 2019)

excitation, and then the μ-г product can be determined using Many’s equation [15], 
and (ii) plot of the charge collection efficiency (CCE) vs. peak centroid (e.g., γ-ray 
or alpha particle energy peak) to extract μ-г product using the Hecht model [16] (see 
Fig. 3), which could be formulated as below [17]:
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where d is the detector thickness and E is the electric field. It should be noted that 
Eq. (3) considers the contributions from both electron and hole carriers. For single-
charge carrier transport, this equation could be simplified to [18]
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where Q/Q0 represents the charge collection efficiency.

2.3 � Defects, Doping, and Crystal Structures

For the charge transport dynamics, it could be impacted by the temperature, struc-
tural phase transition, carrier concentration, doping levels, and material defects. For 
instance, measurements on MAPbBr3 single crystals suggest that the measured Hall 
mobility is highly temperature-dependent across the cubic-to-tetragonal structural 
phase transition region, from μ ∝ T-1.5 (for the cubic phase) to μ ∝ T-0.5 (for the 
tetragonal phase) (Fig. 4) [19]. The results suggest that acoustic-phonon and space-
charge carrier scattering mechanisms dominate at the cubic phase and tetragonal 
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Fig. 4  A plot shows the 
temperature-dependent 
Hall mobility across the 
cubic phase to tetragonal 
phase regions for 
MAPbBr3 perovskite 
(reproduced with 
permission from [19], John 
Wiley & Sons, Inc., 
Copyright 2016.)

phase regions, respectively. The impurity dopants could serve as either donors or 
acceptors to enhance the majority or minority carrier concentration and thus influ-
ence the charge transport dynamics. For Sn-doped MA3Sb2I9, the mobility is two-
fold raised to 43.05 cm2/V-s in comparison to 16.68 cm2/V-s for undoped MA3Sb2I9 
[20], although the inherent mechanisms seem to have not been fully explored. In 
addition, material defects play a pivotal role that impacts the charge carrier transport 
dynamics. Examples are that detrimental deep vacancy-type defects could trap elec-
trons and dislocations enhance the scattering probability of charge carriers. As a 
result, the charge collection efficiency between the semiconductor detector metal 
contact electrodes is at some extent influenced by either the intrinsic or extrinsic 
defects. Although benign shallow defects are known to form in 3D halide perovskites 
such as MAPbX3, given the rich chemistry and crystal structures of MHPs, some 
members may exhibit more harmful defects, e.g., deep level electron traps VBr and 
BiAg with formation energies above the thermal energy have been reported for the 
double perovskite Cs2AgBiBr6 [21].

2.4 � Bulk Crystals Vs. Thin Films

For applications targeting radiation sensing, studies on both bulk single crystals and 
polycrystalline MHP thin films have been carried out [6, 22]. As the name suggests, 
single crystal is a continuous undisrupted crystal lattice, whereas polycrystalline 
films are comprised of many small crystallites (or crystal grains) that can have vari-
ous orientations and sizes. Compared to single-crystal perovskites, carrier transport 
through thin film samples can be significantly impacted by the grain boundaries, 
which are the interfaces between neighboring grains. Hence, the mobility for thin 
films is usually orders of magnitude lower in contrast to single crystal counterparts. 
In addition, the compositional and structural uniformity of the thin film sample, film 
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thickness, surface roughness, grain sizes, and their distribution all could influence 
the measured mobility to some extent. In terms of the synthesis, single-crystal 
perovskites can be grown from solutions using inverse temperature crystallization 
(ITC), temperature-lowering, antisolvent slow diffusion, and slow evaporation tech-
niques. Perovskite thin films are most often fabricated by using the spin coating 
method, which deposits thin layers (~ nm to micron thicknesses) onto glass sub-
strates using the perovskite precursor solutions.

2.5 � Radiative Vs. Nonradiative

The charge carrier recombination process could either be radiative or nonradia-
tive. For radiative recombination, charge carrier electrons and holes recombine 
and emit the energy as photons. Perovskite light-emitting diodes (LEDs), in 
which minority and majority carriers recombine at the junction interface, are 
operated based on this principle. Contrary to radiative recombination, nonradia-
tive process refers to the recombination process that emits phonons rather than 
photons. Auger recombination is an example of a nonradiative process, though 
this process is more favored for high carrier concentration semiconductors. In 
the Auger recombination, after electrons are excited from valence to conduction 
band, part of the energy could be transferred to nearby electrons and then the 
energy is lost through thermal vibrations (in the form of phonons) due to the 
unstable energetic state. Alternatively, excited electrons could decay back to 
valence band and recombine with the holes. Or along the decay route, when 
electrons encounter the intermediate energy levels formed by defects and get 
trapped then delocalize, the carrier recombination rate is therefore significantly 
reduced. Nonetheless, although the recombination rate is reduced, such trap-
ping-detrapping process could be beneficial for enhancing the carrier lifetime. 
In other cases, electrons recombine with holes in the defect sites and emit pho-
tons; the rest energy is again lost as phonons.

3 � Mobility Characterization Methods

3.1 � Contact-Required Methods

The time-of-flight (ToF) method has been widely used to separately determine the 
mobility of electrons and holes for semiconductors, including leading room-
temperature radiation detector material cadmium zinc telluride (CdZnTe) [23], thal-
lium bromide (TlBr) [24], and lead halide perovskites such as cesium lead bromide 
CsPbBr3 [25]. This technique essentially measures the carrier drift time from a 
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Fig. 5  (a) A measured ToF pulse trace using the TlSn2I5 halide anti-perovskite detector for esti-
mating the mobility (reproduced with permission from [26], American Chemical Society, 
Copyright 2017). (b) SCLC curve for a solution-grown MAPbBr3 perovskite single crystal with 
Ohmic, TFL, and Child transition regimes identified to extract the density of trap states and carrier 
mobility (reproduced with permission from [27], Nature Publishing Group, Copyright 2015)

typical ToF pulse trace (see Fig. 5a), and then the carrier mobility could be easily 
calculated using the below equation:
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where L is the carrier drift distance, which could be simply taken as the sample 
thickness. The carrier drift time t is read from the ToF pulse trace as the time interval 
between 10% and 90% of the pulse amplitude or as double of the time it requires to 
reach half of the maximum pulse amplitude. Readers are further directed to read the 
ToF mobility studies of CdZnTe single crystals [23, 28].

Since the emergence of metal halide perovskites in the 2010s, space-charge-
limited current (SCLC) technique has been the most often used method in literature 
for characterization of the charge carrier mobilities. This is due to the ease of mea-
surement by using the SCLC technique, although the suitability of this method for 
mobility measurement of halide perovskites is questionable (see below). The SCLC 
method is essentially based on the balance between the injected charge carrier con-
centration from metal contact electrodes and the intrinsic charge carrier concentra-
tion of perovskite semiconductors. To use this method for mobility extraction, a 
perovskite single crystal is firstly sandwiched between two metal contact electrodes 
and then voltage bias is applied to the two electrodes. By varying the applied bias 
voltage, a SCLC curve (i.e., a current vs. voltage curve, Fig. 5b) that contains three 
transition regimes (namely, Ohmic, trap-filled-limited (TFL), and Child) could be 
identified. In the Ohmic regime, the current is linearly proportional to the applied 
voltage bias. Thus, the bulk crystal resistivity (which is a basic and yet important 
property to evaluate semiconductor’s potential for ionizing radiation detector leak-
age current reduction) could be determined from this regime. Following the Ohmic 
regime, all intrinsic defect traps are filled by the injected charge carriers from metal 
contact electrodes; therefore, the second regime is named as TFL region. The onset 
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voltage (i.e., VTFL) of the TFL regime could be used to estimate the density of trap 
states ntrap in halide perovskites using Eq. (6) [29]:
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where ε is the dielectric constant, ε0 is the vacuum permittivity, e is the electronic 
charge, and L is the sample thickness or the distance between two electrodes. The 
carrier mobility could be determined from the third Child region, where the intrinsic 
charge carrier concentration is dominated over by the injected charge carriers from 
metal contacts, and thus, the carrier mobility is no longer a function of intrinsic car-
rier concentration. The mobility μ is evaluated from this regime using the Mott-
Gurney law [30]
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where JD is the current density and V is the applied bias voltage.
Hall effect technique is the gold standard method for mobility measurement of 

semiconductors, e.g., detailed Hall effect measurements have been performed for 
beta-gallium oxide (β-Ga2O3) [31] and gallium arsenide (GaAs) [32]. The Hall 
effect evaluates the charge carrier behaviors under a combination of the electrical 
and magnetic fields. Under the electrical field, charge carriers are being pulled 
toward one side of the semiconductor solids depending on if the charge is positive/
negative. The addition of magnetic field produces a Lorentz force on charge carri-
ers, and thus the moving direction of charge carriers is deflected. Magnitude of the 
produced Lorentz force on one electron could be described using the below for-
mula [33]:

	

 





F e E v B� � � ��� �� 	
(8)

where e is the electronic charge, E is the electrical field, v is the velocity of elec-
trons, and B is the magnetic field. A same equation can be written for holes with 
positive charge. The mobility can be determined from Hall effect using the below 
Eq. (9):

	
�

�
�
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(9)

where RH is the Hall coefficient (could be calculated using the electrical field, cur-
rent density, and magnetic field) and ρ is the semiconductor resistivity (Ω·cm). The 
Hall effect method has been used for measuring the mobility of halide perovskites 
such as MAPbI3, MAPbBr3, and tin perovskite CsSnI3 [19, 30, 34].
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Fabrication of a field-effect transistor (FET) is another contact-required tech-
nique that may be used to determine the mobility; however, this method is more 
suitable for assessing the mobility of halide perovskites for transistor applications 
(i.e., the device-oriented mobility). Note that the charge carrier transport behaviors 
across the electrode-semiconductor interface (either being Ohmic or Schottky type) 
is another research topic that requires further studies for halide perovskites. The 
FET technique evaluates the carrier mobility from the saturation regime using the 
relationship between IDS (drain current) and VGS (gate voltage) through the equation 
below [9, 35]:
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where W refers to the channel width, L is channel length, Ci is the capacitance of 
gate electrode, and VTH is the threshold voltage. Carrier mobility extracted by the 
FET method is related to the surface morphology, temperature, grain size, and the 
electrode materials [9].

3.2 � Contact-Free Techniques

The time-resolved terahertz spectroscopy (TRTS) and time-resolved microwave 
conductivity (TRMC) are both contactless measurement techniques [36–39] that 
can be used to determine carrier mobilities of materials. The TRTS technique 

Fig. 6  Illustration of the TRMC setup, the measured sample is placed in the microwave cavity and 
microwaves are generated using the voltage-controlled oscillator (reproduced from permission 
from [40], American Chemical Society, Copyright 2013)
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essentially uses visible excitations to excite the samples and then record the tran-
sient photoconductivity. TRTS method requires the sample to be transparent; for 
this reason, this method is usually used for studying the perovskite thin films. 
Nonetheless, using the TRTS technique, few successful measurements are made to 
determine the mobility of perovskite single crystals [36, 37]. As an alternative to 
TRTS, for the TRMC method (see Fig. 6 for a schematic plot of the measurement 
setup), a nanosecond laser pulse is used to photoexcite the sample and then the 
transient change in microwave reflectivity that is induced by the charge carriers is 
monitored [41]. Carrier mobility can be determined from the TRMC method using 
Eq. (11) (according to the relative change of microwave power) [42, 43]:
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where μe and μh are electron and hole mobilities, respectively. Note that the mobility 
determined above from the TRMC measurement is a sum of electron and hole 
mobilities, although Eq. (11) has separated the contributions from the two types of 
charge carriers.

3.3 � Cross-Comparison of the Measurement Techniques

Though the charge carrier mobility of semiconductors including MHPs could be 
determined using several contactless and contact-required methods discussed above, 
the measured mobility values tend to vary from method to method. Each technique 
comes with its own advantages and suitability. Contactless measurements are ideal 
when the deposition of high-quality metal electrodes is not accessible. However, 
TRTS and TRMC methods become complicated for thick single-crystal specimens. 
Consequently, they are generally used for determining the mobility of perovskite 
thin films. In addition, the TRTS and TRMC techniques could not distinguish the 
hole and electron contributions, as having been discussed from Eq. (11). This is not 
the case for device-oriented techniques, such as ToF. Since the ToF method could 
excite the sample from one electrode side and then collect the transported charges 
contributed by single-charge carrier on the other side, the mobility from either elec-
trons or holes then could be extracted. Nevertheless, identical to the SCLC method, 
the ToF technique requires depositing electrode contacts to the measured sample. 
Thus, the mobility measured using the ToF or SCLC method could be influenced by 
the selected electrode contact materials. This is the reason why band alignment is 
very necessary for achieving high-efficiency charge transport. For the SCLC 
method, poor-quality electrode contacts could lead the trap-free SCLC conduction 
region to be difficult to reach for reliable mobility extraction.

There is also difference between the mobility evaluated from the ToF and Hall 
effect measurements. Hall mobility could be influenced by the electrical and 
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magnetic fields due to the different carrier scattering mechanisms, including lattice 
scattering and charged dislocation scattering. Charge carriers mainly undergo 
Coulomb and photon scattering at low electrical fields as they are almost in equilib-
rium with lattice vibrations [44]. However, the carrier mobility becomes a field-
dependent parameter at high electrical fields. In addition, at low temperatures, the 
Coulomb scattering dominates over the phonon scattering. Due to the lattice ther-
mal vibrations, Coulomb scattering and phonon scattering compete at high tempera-
tures [45]. Such difference could be observed from the traditional semiconductor 
material silicon (Si). The measured drift mobility for single crystal silicon sample is 
1360 cm2/V-s (for electrons) and 510 cm2/V-s (for holes), respectively. Hall mobility 
for the two types of charge carriers is determined to be 1560 cm2/V-s (electrons) and 
345 cm2/V-s (holes) [46].

4 � Discussion of the Reported Mobility: Theoretical 
and Experimental

Though many studies have been carried out for metal halide perovskites such as 
MAPbI3, FAPbI3, and CsPbBr3, the literature reported charge carrier mobility for 
the same perovskite material composition and structure shows a large variance (see 
Table 1 for comparison of the reported mobility for single crystals). Therefore, this 
leads to an intuitive question: what causes this large variance in the reported carrier 
mobility even if the perovskite composition is the same? In part, some discrepancy 
is expected to originate from the measurement methods used for determining the 
mobility. As having been discussed above, drift mobility differs from the Hall 
mobility. In addition, this observation could be related to the unusual chemistry and 
physics of MHPs. Many of these studies used the facile SCLC method to estimate 
the carrier mobility of halide perovskites [27, 65, 76]. Although the SCLC method 
is relatively simple and straightforward, it is known that the halogen ionic migration 
is a critical issue for this class of materials [77, 78], e.g., the ionic migration nega-
tively impacts the fabricated perovskite-based device performance including X-ray 
detectors and photodetectors. The device efficiency deteriorates under continuous 
operation due to the charge screening effect. Given the fact that MHPs may demon-
strate changing chemistry under measurement conditions due to the movement of 
halide ions, the suitability of using SCLC method to measure the mobility becomes 
a question that should be addressed. In fact, this issue has long been observed in 
other halide-based radiation detector materials, such as thallium bromide (TlBr) 
[79]. Under external added bias, the halogen ions drift and form an electrical coun-
terfield. Thus, the TFL and Child regimes could have been incorrectly identified if 
the migration of halogen ions is not considered. To understand the mechanism that 
drives the halogen migration, few studies have been carried out [77, 78, 80]. Pulsed 
SCLC is proposed as an alternative to traditional SCLC to reliably measure the car-
rier mobility [81].

Charge Carrier Mobility of Metal Halide Perovskites: From Fundamentals to Ionizing…



100

Table 1  Summary of the mobility measured by different methods for metal halide perovskite 
single crystals. Note the mobility reported here is measured at room temperature, unless otherwise 
mentioned (h, hole; e, electron) (reproduced with permission from [5], AIP Publishing, 
Copyright 2021)

Perovskite Mobility (cm2/V-s) Method Reference

Three-dimensional (3D) perovskites
MAPbI3 105 ± 35 (h) Hall [30]

164 ± 25 (h) SCLC
24.0 ± 6.8 (e) ToF
65 ± 6 SCLC [47]
60 TRTS [48]
620 TRTS [36]
35 TRTS [49]
130 ± 20 (n-type)
42 ± 5 (p-type)

TRMS [50]

< 4.7 FET [9]
MASnI3 2320 (e)

322 (h)
Hall [51]

200 (at 250 K) Hall [52]
MAPbBr3 35 ± 2 (h) SCLC [53]

24.0
15 (at 80 K)

SCLC
FET

[27]
[54]

MAPbCl3 42 ± 9 SCLC [55]
FAPbI3 4.4 SCLC [56]

35 ± 7 SCLC [57]
40 ± 5 SCLC [58]
150 ± 15 SCLC [47]

FAPbBr3 62 ± 11 (h) SCLC [57]
0.12 SCLC [59]

FAPbBr2.23Cl0.77 12 SCLC [59]
FAPb0.97Sn0.03Br3 0.22 SCLC [59]
MA0.45FA0.55PbI3 271 ± 60 SCLC [47]
CsPbBr3 181 (e)

56.5 (h)
ToF [25]

63 (e)
49 (h)

ToF [16]

1.78 (h) ToF [60]
9.71–38.5
< 2.3
0.32

Hall
FET
FET

[61]
[62]
[63]

CsPbCl3 28 ± 1 (e)
20 ± 1 (h)

ToF [64]

FA0.9Cs0.05MA0.05PbI2.7Br0.3 197 (e)
219 ± 18 (h)

SCLC [65]

KTaO3 0.4 FET [66]

(continued)
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Table 1  (continued)

Perovskite Mobility (cm2/V-s) Method Reference

Cs2AgBiBr6 7.02 SCLC [67]
3.17 SCLC [68]
5 ToF [2]

Two-dimensional (2D) perovskites
MA3Sb2I9 16.68 SCLC [20]
Sn-doped MA3Sb2I9 43.05 SCLC [20]
Rb3Sb2I9 0.32 (e) ToF [69]
Cs3Sb2I9 0.14 (h) ToF [69]
(NH4)3Bi2I9 213 SCLC [70]
PEA2MA2Pb3I10

(BA)2MAPb2I7

4.4 × 10−2

0.5 (at 80 K)
SCLC
FET

[71]
[72]

One-dimensional (1D) perovskites
(DME)PbBr4 > 4.51 SCLC [34]

Zero-dimensional (0D) perovskites
Cs3Bi2I9 4.3 (e)

1.7 (h)
ToF [69]

FA3Bi2I9 4 Hall [73]
MA3Bi2I9 70 Hall [74]

1–6 (h)
2–8 (e)

ToF

Metal-free perovskites
DABCO-NH4Br3 2.00 (h)

0.67 (e)
SCLC [75]

2.08 Hall

Another important factor that should be taken into consideration is the crystal 
quality. Depending on the chemical composition and crystal structure of the MHP, 
vacancy-type defects could act as deep-level defects to trap the charge carriers and 
thus reduce the mobility. The formed material defects are to some extent also depend 
on the crystal growth methods adopted. For high-quality single-crystal growth via 
solution methods, the choice of the appropriate solvent, growth temperature, crystal 
growth rate, purity of the selected reactants, etc. all play important roles. One of the 
major benefits of using MHPs for radiation detection is their solution processability. 
The estimated cost for growing perovskite single crystals from solutions is about 
$0.5–1.0 per cm3 [6]. In addition to solution methods, all-inorganic MHPs could 
also be produced using melt growth methods at relatively low temperatures. For 
instance, CsPbBr3 crystals have been successfully grown using the Bridgman melt 
growth method; high-quality crystals of CsPbBr3 can also be obtained from aqueous 
solutions. The reported mobility for this material shows a vast range, spanning from 
1.78 to 56.5  cm2/V-s for holes [16, 25, 60]. This difference is likely due to the 
single-crystal quality and the density of defect states.

It could be noticed that contact-free methods TRTS and TRMC yield very high 
mobility values up to 620  cm2/V-s for MAPbI3. Note that TRTS and TRMC 
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measurements are conducted on a localized small area from the sample in contrast 
to ToF and SCLC measurements. Thus, the contact-free measurements are less 
likely to be influenced by the material defects and grain boundaries (for thin film 
samples). As a result, the carrier mobility determined by contactless methods could 
serve as a guidance for the further material optimization. However, contactless 
methods will probably be less beneficial to reveal the carrier mobility for practical 
applications as most of these fabricated devices, including ionizing radiation detec-
tors, require to have electrode contacts.

Density-functional theory (DFT) computational studies can in principle support 
the experimental characterization of charge transport in MHPs [82–84]. However, 
note that there are a number of prominent studies showing a significant discrepancy 
between the experimentally measured and theoretically predicted carrier mobility 
values. Thus, though MAPbI3 has been identified as a promising radiation detector 
material that could resolve high-energy gamma rays [85], the theoretical mobility 
predicted by Motta et al. for this material is surprisingly low with a value of approx-
imately 10 cm2/V-s for electrons [82]; in contrast, the reported experimental mobil-
ity value for MAPbI3 single crystals reach up to 620  cm2/V-s. Similarly, for the 
tin-based perovskite MASnCl3, Wang et al. predicted a very high mobility value of 
1700 cm2/V-s for electrons based on their computational studies [86]. In the mean-
time, the solar cell power conversion efficiency (PCE) is less than 1% for solar cells 
fabricated using MASnCl3 single crystals [87], implying that there should be intrin-
sic limitations for this material. In fact, recent electronic structure calculations per-
formed by Ouhbi et al. for tin perovskites including CsSnI3, CsSnCl3, MASnBr3, 
and FASnBr3 suggest that these materials demonstrate strong electron localizations 
possibly due to the charge-lattice coupling (i.e., formation of polarons) [88]. The 
polaron formation may be detrimental for employing tin perovskites for photovol-
taic and radiation detection applications.

5 � Conclusions and Future Development

This chapter summarizes the measured mobilities of metal halide perovskites from 
recent reports and discusses the inherent reasons for the large variance of the mea-
sured mobility in literature. Even though the pursuit of ideal semiconductor detector 
materials has been ongoing for over half a century (see Fig. 7 for a list of traditional 
semiconductor detector materials), there is yet no single material that possesses all 
desirable properties while offering excellent detector energy resolution and low 
costs. The recently developed halide perovskites have achieved some success over 
the past few years, yet understanding the carrier transport properties of this novel 
class of new materials is still at an early stage. The reported carrier mobility values, 
even for the same perovskite composition and structure, exhibit a notably large vari-
ance. In addition, for application of halide perovskites for semiconducting radiation 
detection, the carrier mobility is relatively low as compared to the traditional detec-
tor material CdZnTe, which has electron mobility above 1000 cm2/V-s but suffers 
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Fig. 7  List of the traditional semiconductor detector materials, including metal halide perovskites 
and the future development pathway to enhance the charge carrier dynamics of this class of 
materials

from poor hole transport. Thus, there is an urgent demand to understand the inherent 
factors that limit the charge transport to ensure the fabrication of high-performance 
detectors based on this class of materials. Polaron formation (dielectric electron-
phonon coupling) has been investigated by computational tools and experimental 
studies [89, 90], yet the impact of polaron theory on carrier transport remains to be 
under debate. Polaron formation is relatively fast within femtoseconds in halide 
perovskites, and large polarons localize the charge carriers and thus reduce the car-
rier mobility. The polaron theory in part explains the moderate carrier mobility of 
halide perovskites, yet the measured mobility reported in literatures remains to be 
lower than the theoretical mobility predicted using the polaron theory [91]. This 
might indicate that more fundamental limitations (mainly should be from carrier 
scatterings) should be explored. To fully reveal the carrier scattering mechanisms 
and charge localization that limit the charge carrier mobility, temperature-dependent 
measurements may be carried out as the polaron formation and charge carrier 
behaviors vary with temperature.

To transform the perovskite technology from lab research to commercial applica-
tions, the detrimental influence of halide ion migration on mobility measurement 
should not be overlooked. In fact, as having been discussed by Corre et al. [81], the 
traditional manner of conducting SCLC measurement with no consideration of the 
halogen migration should be revisited. This should at least in part explain the vast 
disagreement of the reported carrier mobility among literatures. The intrinsic mod-
erate mobility of halide perovskites may also be further enhanced. Halogen doping 
is one direction that requires further studies. On the other hand, more efforts could 
be placed to study the charge transport dynamics of lower-dimensionality 
perovskites. Among the A3B2X9 perovskite family, MA3Sb2I9 and (NH4)3Bi2I9 2D 
perovskites showed a relatively high carrier mobility that is comparable to the 3D 
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family. For (NH4)3Bi2I9, a high mobility of 213  cm2/V-s was revealed by SCLC 
measurement, although this value may be rechecked to consider the possible halo-
gen migration. Thus, lower-dimensional perovskites including the 2D family which 
possess exceptional air stability with smaller activation energy for ionic conductiv-
ity that leads to suppressed halogen migration could be the next-step research focus 
for radiation detection.

References

1.	Matt, G. J., Levchuk, I., Knüttel, J., Dallmann, J., Osvet, A., Sytnyk, M., Tang, X., Elia, J., 
Hock, R., Heiss, W., & Brabec, C. J. (2020). Sensitive direct converting X-ray detectors utiliz-
ing crystalline CsPbBr3 perovskite films fabricated via scalable melt processing. Advanced 
Materials Interfaces, 7(4), 1901575.

2.	Zhang, Z., Cao, D., Huang, Z., Danilov, E. O., Chung, C. C., Sun, D., & Yang, G. (2021). 
Gamma-ray detection using bi-poor Cs2AgBiBr6 double perovskite single crystals. Advanced 
Optical Materials, 9(8), 2001575.

3.	Weber, M. J. (2002). Inorganic scintillators: Today and tomorrow. Journal of Luminescence, 
100(1–4), 35–45.

4.	Mao, L., Stoumpos, C.  C., & Kanatzidis, M.  G. (2019). Two-dimensional hybrid halide 
perovskites: Principles and promises. Journal of the American Chemical Society, 141(3), 
1171–1190.

5.	Zhang, Z., & Saparov, B. (2021). Charge carrier mobility of halide perovskite single crystals 
for ionizing radiation detection. Applied Physics Letters, 119(3), 030502.

6.	Yakunin, S., Dirin, D. N., Shynkarenko, Y., Morad, V., Cherniukh, I., Nazarenko, O., Kreil, D., 
Nauser, T., & Kovalenko, M. V. (2016). Detection of gamma photons using solution-grown 
single crystals of hybrid Lead halide perovskites. Nature Photonics, 10(9), 585–589.

7.	López, C. A., Abia, C., Alvarez-Galván, M. C., Hong, B. K., Martínez-Huerta, M. V., Serrano-
Sánchez, F., Carrascoso, F., Castellanos-Gómez, A., Fernández-Dĺaz, M.  T., & Alonso, 
J. A. (2020). Crystal structure features of CsPbBr3 perovskite prepared by mechanochemical 
synthesis. ACS Omega, 5(11), 5931–5938.

8.	Liang, M., Ali, A., Belaidi, A., Hossain, M. I., Ronan, O., Downing, C., Tabet, N., Sanvito, S., 
EI-Mellouhi, F., & Nicolosi, V. (2020). Improving stability of organometallic-halide perovskite 
solar cells using exfoliation two-dimensional molybdenum chalcogenides. npj 2D Materials 
and Applications, 4(1), 1–8.

9.	Yu, W., Li, F., Yu, L., Niazi, M. R., Zou, Y., Corzo, D., Basu, A., Ma, C., Dey, S., Tietze, M. L., 
Buttner, U., Wang, X., Wang, Z., Hedhili, M. N., Guo, C., Wu, T., & Amassian, A. (2018). 
Single crystal hybrid perovskite field-effect transistors. Nature Communications, 9(1), 1–10.

10.	Li, Y., Shi, Z. F., Li, S., Lei, L. Z., Ji, H. F., Wu, D., Xu, T. T., Tian, Y. T., & Li, X. J. (2017). 
High-performance perovskite photodetectors based on solution-processed all-inorganic 
CsPbBr3 thin films. Journal of Materials Chemistry C, 5(33), 8355–8360.

11.	Yakunin, S., Sytnyk, M., Kriegner, D., Shrestha, S., Richter, M., Matt, G. J., Azimi, H., Brabec, 
C. J., Stangl, J., Kovalenko, M. V., & Heiss, W. (2015). Detection of X-ray photons by solution-
processed Lead halide perovskites. Nature Photonics, 9(7), 444–449.

12.	He, Y., Petryk, M., Liu, Z., Chica, D. G., Hadar, I., Leak, C., Ke, W., Spanopoulos, I., Lin, 
W., Chung, D. Y., Wessels, B. W., He, Z., & Kanatzidis, M. G. (2021). CsPbBr3 perovskite 
detectors with 1.4% energy resolution for high-energy γ-rays. Nature Photonics, 15(1), 36–42.

13.	Herz, L. M. (2016). Charge-carrier dynamics in organic-inorganic metal halide perovskites. 
Annual Review of Physical Chemistry, 67, 65–89.

Z. Zhang and B. Saparov



105

14.	Devanathan, R., Corrales, L. R., Gao, F., & Weber, W. J. (2006). Signal variance in gamma-
ray detectors-a review. Nuclear Instruments and Methods in Physics Research, Section A: 
Accelerators, Spectrometers, Detectors and Associated Equipment, 565(2), 637–649.

15.	Wei, H., Desantis, D., Wei, W., Deng, Y., Guo, D., Savenije, T. J., Cao, L., & Huang, J. (2017). 
Dopant compensation in alloyed CH3NH3PbBr3-xClx perovskite single crystals for gamma-ray 
spectroscopy. Nature Materials, 16(8), 826–833.

16.	He, Y., Liu, Z., McCall, K.  M., Lin, W., Chung, D.  Y., Wessels, B.  W., & Kanatzidis, 
M.  G. (2019). Perovskite CsPbBr 3 single crystal detector for alpha-particle spectroscopy. 
Nuclear Instruments and Methods in Physics Research, Section A: Accelerators, Spectrometers, 
Detectors and Associated Equipment, 922, 217–221.

17.	Kim, K. O., Kwon, T. J., Kim, J. K., & Ha, J. H. (2011). A new approach for evaluating the 
mobility-lifetime products of electron-hole pairs in semiconductor detectors. Journal of the 
Korean Physical Society, 59(1), 20–26.

18.	Street, R. A., Ready, S. E., Van Schuylenbergh, K., Ho, J., Boyce, J. B., Nylen, P., Shah, K., 
Melekhov, L., & Hermon, H. (2002). Comparison of PbI2 and HgI2 for direct detection active 
matrix X-ray image sensors. Journal of Applied Physics, 91(5), 3345–3355.

19.	Yi, H. T., Wu, X., Zhu, X., & Podzorov, V. (2016). Intrinsic charge transport across phase 
transitions in hybrid Organo-inorganic perovskites. Advanced Materials, 28(30), 6509–6514.

20.	Ju, D., Jiang, X., Xiao, H., Chen, X., Hu, X., & Tao, X. (2018). Narrow band gap and high 
mobility of Lead-free perovskite single crystal Sn-doped MA3Sb2I9. Journal of Materials 
Chemistry A, 6(42), 20753–20759.

21.	Li, T., Zhao, X., Yang, D., Du, M. H., & Zhang, L. (2018). Intrinsic defect properties in halide 
double perovskites for optoelectronic applications. Physical Review Applied, 10(4), 041001.

22.	Tsai, H., Liu, F., Shrestha, S., Fernando, K., Tretiak, S., Scott, B., Vo, D. T., Strzalka, J., & Nie, 
W. (2020). A sensitive and robust thin-film X-ray detector using 2D layered perovskite diodes. 
Science Advances, 6(15), 20200410.

23.	Erickson, J. C., Yao, H. W., James, R. B., Hermon, H., & Greaves, M. (2000). Time of flight 
experimental studies of CdZnTe radiation detectors. Journal of Electronic Materials, 29(6), 
699–703.

24.	Suzuki, K., Shorohov, M., Sawada, T., & Seto, S. (2015). Time-of-flight measurements on 
TlBr detectors. IEEE Transactions on Nuclear Science, 62(2), 433–436.

25.	Feng, Y., Pan, L., Wei, H., Liu, Y., Ni, Z., Zhao, J., Rudd, P. N., Cao, L. R., & Huang, J. (2020). 
Low defects density CsPbBr3single crystals grown by an additive assisted method for gamma-
ray detection. Journal of Materials Chemistry C, 8(33), 11360–11368.

26.	Lin, W., Stoumpos, C. C., Liu, Z., Das, S., Kontsevoi, O. Y., He, Y., Malliakas, C. D., Chen, H., 
Wessels, B. W., & Kanatzidis, M. G. (2017). TlSn2I5, a robust halide Antiperovskite semicon-
ductor for γ-ray detection at room temperature. ACS Photonics, 4(7), 1805–1813.

27.	Saidaminov, M.  I., Abdelhady, A. L., Murali, B., Alarousu, E., Burlakov, V. M., Peng, W., 
Dursun, I., Wang, L., He, Y., MacUlan, G., Goriely, A., Wu, T., Mohammed, O. F., & Bakr, 
O. M. (2015). High-quality bulk hybrid perovskite single crystals within minutes by inverse 
temperature crystallization. Nature Communications, 6(1), 1–6.

28.	Karasyuk, P., Shepelytskyi, Y., Semeniuk, O., Bubon, O., Juska, G., Blevis, I., & Reznik, 
A. (2018). Investigation of photoconductivity and electric field distribution in CZT detectors 
by time-of-flight (TOF) and charge extraction by linearly increasing voltage (CELIV). Journal 
of Materials Science: Materials in Electronics, 29(16), 13941–13951.

29.	Bube, R. H. (1962). Trap density determination by space-charge-limited currents. Journal of 
Applied Physics, 33(5), 1733–1737.

30.	Dong, Q., Fang, Y., Shao, Y., Mulligan, P., Qiu, J., Cao, L., & Huang, J. (2015). Electron-hole 
diffusion lengths > 175 μm in solution-grown CH3NH3PbI3 single crystals. Science (80-), 
347(6225), 967–970.

31.	Ahrling, R., Boy, J., Handwerg, M., Chiatti, O., Mitdank, R., Wagner, G., Galazka, Z., & 
Fischer, S.  F. (2019). Transport properties and finite size effects in β-Ga2O3 thin films. 
Scientific Reports, 9(1), 13149.

Charge Carrier Mobility of Metal Halide Perovskites: From Fundamentals to Ionizing…



106

32.	Stillman, G. E., Wolfe, C. M., & Dimmock, J. O. (1970). Hall coefficient factor for polar mode 
scattering in N-type GaAs. Journal of Physics and Chemistry of Solids, 31(6), 1199–1204.

33.	Dunlap, R.  A. (2019). Electrons in solids: Contemporary topics (pp.  1–114). Morgan & 
Claypool Publishers. https://doi.org/10.1088/2053-2571/ab2f2c

34.	Liu, T., Tang, W., Luong, S., & Fenwick, O. (2020). High charge carrier mobility in solution 
processed one-dimensional lead halide perovskite single crystals and their application as pho-
todetectors. Nanoscale, 12(17), 9688–9695.

35.	Matsushima, T., Leyden, M.  R., Fujihara, T., Qin, C., Sandanayaka, A.  S. D., & Adachi, 
C. (2019). Large metal halide perovskite crystals for field-effect transistor applications. 
Applied Physics Letters, 115(12), 120601.

36.	Valverde-Chávez, D.  A., Ponseca, C.  S., Stoumpos, C.  C., Yartsev, A., Kanatzidis, M.  G., 
Sundström, V., & Cooke, D. G. (2015). Intrinsic femtosecond charge generation dynamics in 
single crystal CH3NH3PbI3. Energy & Environmental Science, 8(12), 3700–3707.

37.	Xia, C. Q., Lin, Q., Patel, J. B., Wright, A. D., Crothers, T. W., Milot, R. L., Herz, L. M., & 
Johnston, M. B. (2019). International conference on infrared, Millimeter, and terahertz waves, 
IRMMW-THz. IEEE Computer Society.

38.	Savenije, T. J., Guo, D., Caselli, V. M., & Hutter, E. M. (2020). Quantifying charge-carrier 
mobilities and recombination rates in metal halide perovskites from time-resolved microwave 
photoconductivity measurements. Advanced Energy Materials, 10(26), 1903788.

39.	Guse, J. A., Soufiani, A. M., Jiang, L., Kim, J., Cheng, Y. B., Schmidt, T. W., Ho-Baillie, A., 
& McCamey, D. R. (2016). Spectral dependence of direct and trap-mediated recombination 
processes in lead halide perovskites using time resolved microwave conductivity. Physical 
Chemistry Chemical Physics, 18(17), 12043–12049.

40.	Savenije, T. J., Ferguson, A. J., Kopidakis, N., & Rumbles, G. (2013). Revealing the dynamics 
of charge carriers in polymer: Fullerene blends using photoinduced time-resolved microwave 
conductivity. Journal of Physical Chemistry C, 117(46), 24085–24103.

41.	Brenot, R., Vanderhaghen, R., Drevillon, B., French, I., Roca, I., & Cabarrocas, P. (1997). 
Time resolved microwave conductivity measurements for the characterization of transport 
properties in thin film micro-crystalline silicon. Thin Solid Films, 296(1–2), 94–97.

42.	Peng, J., Chen, Y., Zheng, K., Pullerits, T., & Liang, Z. (2017). Insights into charge carrier 
dynamics in Organo-metal halide perovskites: From neat films to solar cells. Chemical Society 
Reviews, 46(19), 5714–5729.

43.	Colbeau-Justin, C., & Valenzuela, M.  A. (2013). Time-resolved microwave conductivity 
(TRMC) a useful characterization tool for charge carrier transfer in photocatalysis: A short 
review. Revista Mexicana de Fisica, 59(3), 191–200.

44.	Schroder, D.  K. (1987). Advanced Mos devices (modular series on solid state devices). 
Addison-Wesley.

45.	Hu, C., Khandelwal, S., Chauhan, Y. S., McKay, T., Watts, J., Duarte, J. P., Kushwaha, P., & 
Agarwal, H. (2019). Industry standard FDSOI compact model BSIMIMG for IC design (Vol. 
1). Woodhead Publishing.

46.	Cronemeyer, D. C. (1957). Hall and drift mobility in high-resistivity single-crystal silicon. 
Physics Review, 105(2), 522–523.

47.	Li, W. G., Rao, H. S., Chen, B. X., Wang, X. D., & Kuang, D. B. (2017). A Formamidinium-
methylammonium Lead iodide perovskite single crystal exhibiting exceptional optoelectronic 
properties and long-term stability. Journal of Materials Chemistry A, 5(36), 19431–19438.

48.	Xia, C. Q., Lin, Q., Patel, J. B., Wright, A. D., Crothers, T. W., Milot, R. L., Herz, L. M., 
& Johnston, M. B. (2019). Time-resolved THz spectroscopy of metal-halide perovskite sin-
gle crystals and polycrystalline thin films. Int. Conf. Infrared, Millimeter, Terahertz Waves, 
IRMMW-THz, 2019-September.

49.	Valverde-Chávez, D.  A., Ponseca, C.  S., Stoumpos, C., Yartsev, A., Kanatzidis, M.  G., 
Sundström, V., & Cooke, D. G. (2015). Optical pump - multi-THz probe spectroscopy of a sin-
gle crystal organic hybrid lead halide perovskite. CLEO: Science and Innovations. CLEO-SI 
2015, 2015, 2267.

Z. Zhang and B. Saparov

https://doi.org/10.1088/2053-2571/ab2f2c


107

50.	Semonin, O. E., Elbaz, G. A., Straus, D. B., Hull, T. D., Paley, D. W., Van Der Zande, A. M., 
Hone, J.  C., Kymissis, I., Kagan, C.  R., Roy, X., & Owen, J.  S. (2016). Limits of carrier 
diffusion in N-type and p-type CH3NH3PbI3 perovskite single crystals. Journal of Physical 
Chemistry Letters, 7(17), 3510–3518.

51.	Stoumpos, C. C., Malliakas, C. D., & Kanatzidis, M. G. (2013). Semiconducting tin and Lead 
iodide perovskites with organic cations: Phase transitions, high mobilities, and near-infrared 
photoluminescent properties. Inorganic Chemistry, 52(15), 9019–9038.

52.	Takahashi, Y., Hasegawa, H., Takahashi, Y., & Inabe, T. (2013). Hall mobility in tin iodide 
perovskite CH3NH3SnI 3: Evidence for a doped semiconductor. Journal of Solid State 
Chemistry, 205, 39–43.

53.	Rong, S., Xiao, Y., Jiang, J., Zeng, Q., & Li, Y. (2020). Strongly enhanced photolumines-
cence and photoconductivity in erbium-doped MAPbBr3 single crystals. Journal of Physical 
Chemistry C, 124(16), 8992–8998.

54.	Wang, J., Senanayak, S. P., Liu, J., Hu, Y., Shi, Y., Li, Z., Zhang, C., Yang, B., Jiang, L., Di, D., 
Ievlev, A. V., Ovchinnikova, O. S., Ding, T., Deng, H., Tang, L., Guo, Y., Wang, J., Xiao, K., 
Venkateshvaran, D., Jiang, L., Zhu, D., & Sirringhaus, H. (2019). Investigation of electrode 
electrochemical reactions in CH3NH3PbBr3 perovskite single-crystal field-effect transistors. 
Advanced Materials, 31(35), 1902618.

55.	Maculan, G., Sheikh, A.  D., Abdelhady, A.  L., Saidaminov, M.  I., Haque, M.  A., Murali, 
B., Alarousu, E., Mohammed, O. F., Wu, T., & Bakr, O. M. (2015). CH3NH3PbCl3 single 
crystals: Inverse temperature crystallization and visible-blind UV-photodetector. Journal of 
Physical Chemistry Letters, 6(19), 3781–3786.

56.	Han, Q., Bae, S. H., Sun, P., Hsieh, Y. T., Yang, Y., Rim, Y. S., Zhao, H., Chen, Q., Shi, W., Li, 
G., & Yeng, Y. (2016). Single crystal formamidinium lead iodide (FAPbI3): Insight into the 
structural, optical, and electrical properties. Advanced Materials, 28(11), 2253–2258.

57.	Zhumekenov, A. A., Saidaminov, M. I., Haque, M. A., Alarousu, E., Sarmah, S. P., Murali, B., 
Dursun, I., Miao, X. H., Abdelhady, A. L., Wu, T., Mohammed, O. F., & Bakr, O. M. (2016). 
Formamidinium lead halide perovskite crystals with unprecedented Long carrier dynamics and 
diffusion length. ACS Energy Letters, 1(1), 32–37.

58.	Liu, Y., Sun, J., Yang, Z., Yang, D., Ren, X., Xu, H., Yang, Z., & Liu, S. F. (2016). 20-mm-large 
single-crystalline Formamidinium-perovskite wafer for mass production of integrated photo-
detectors. Advanced Optical Materials, 4(11), 1829–1837.

59.	Ng, M., & Halpert, J. E. (2020). Single crystals of mixed Br/Cl and Sn-doped formamidin-
ium lead halide perovskites: Via inverse temperature crystallization. RSC Advances, 10(7), 
3832–3836.

60.	Pan, L., Feng, Y., Huang, J., & Cao, L. R. (2020). Comparison of Zr, Bi, Ti, and Ga as metal 
contacts in inorganic perovskite CsPbBr gamma-ray detector. IEEE Transactions on Nuclear 
Science, 67(10), 2255–2262.

61.	Zhang, B. B., Wang, F., Zhang, H., Xiao, B., Sun, Q., Guo, J., Hafsia, A. B., Shao, A., Xu, Y., 
& Zhou, J. (2020). Defect proliferation in CsPbBr3 crystal induced by ion migration. Applied 
Physics Letters, 116(6), 063505.

62.	Liu, J., Liu, F., Liu, H., Hou, R., Yue, J., Cai, J., Peng, Z., Impundu, J., Xie, L., Li, Y. J., & Sun, 
L. (2020). Direct growth of perovskite crystals on metallic electrodes for high-performance 
electronic and optoelectronic devices. Small, 16(3), 1906185.

63.	Huo, C., Liu, X., Song, X., Wang, Z., & Zeng, H. (2017). Field-effect transistors based on 
van-Der-Waals-grown and dry-transferred all-inorganic perovskite ultrathin platelets. Journal 
of Physical Chemistry Letters, 8(19), 4785–4792.

64.	He, Y., Stoumpos, C. C., Hadar, I., Luo, Z., McCall, K. M., Liu, Z., Chung, D. Y., Wessels, 
B. W., & Kanatzidis, M. G. (2021). Demonstration of energy-resolved γ-ray detection at room 
temperature by the CsPBCl3 perovskite semiconductor. Journal of the American Chemical 
Society, 143(4), 2068–2077.

Charge Carrier Mobility of Metal Halide Perovskites: From Fundamentals to Ionizing…



108

65.	Liu, Y., Zhang, Y., Zhu, X., Yang, Z., Ke, W., Feng, J., Ren, X., Zhao, K., Liu, M., Kanatzidis, 
M.  G., & Liu, S. (2021). Inch-sized high-quality perovskite single crystals by suppressing 
phase segregation for light-powered integrated circuits. Science Advances, 7(7), 202102.

66.	Ueno, K., Inoue, I. H., Yamada, T., Akoh, H., Tokura, Y., & Takagi, H. (2004). Field-effect 
transistor based on KTaO3 perovskite. Applied Physics Letters, 84(19), 3726–3728.

67.	Zhang, Z., Chung, C.  C., Huang, Z., Vetter, E., Seyitliyev, D., Sun, D., Gundogdu, K., 
Castellano, F.  N., Danilov, E.  O., & Yang, G. (2020). Towards radiation detection using 
Cs2AgBiBr6 double perovskite single crystals. Materials Letters, 269, 127667.

68.	Pan, W., Wu, H., Luo, J., Deng, Z., Ge, C., Chen, C., Jiang, X., Yin, W. J., Niu, G., Zhu, L., 
Yin, L., Zhou, Y., Xie, Q., Ke, X., Sui, M., & Tang, J. (2017). Cs2AgBiBr6 single-crystal X-ray 
detectors with a low detection limit. Nature Photonics, 11(11), 726–732.

69.	McCall, K. M., Liu, Z., Trimarchi, G., Stoumpos, C. C., Lin, W., He, Y., Hadar, I., Kanatzidis, 
M. G., & Wessels, B. W. (2018). α-Particle detection and charge transport characteristics in 
the A3M2I9 defect perovskites (A = Cs, Rb; M = Bi, Sb). ACS Photonics, 5(9), 3748–3762.

70.	Zhuang, R., Wang, X., Ma, W., Wu, Y., Chen, X., Tang, L., Zhu, H., Liu, J., Wu, L., Zhou, W., 
Liu, X., & Yang, Y. M. (2019). Highly sensitive X-ray detector made of layered perovskite-
like (NH4)3Bi2I9 single crystal with anisotropic response. Nature Photonics, 13(9), 602–608.

71.	Zhang, Y., Sun, M., Zhou, N., Huang, B., & Zhou, H. (2020). Electronic tunability and mobil-
ity anisotropy of quasi-2D perovskite single crystals with varied spacer cations. Journal of 
Physical Chemistry Letters, 11(18), 7610–7616.

72.	Liu, F., Wang, L., Wang, J., Wang, F., Chen, Y., Zhang, S., Sun, H., Liu, J., Wang, G., Hu, Y., 
& Jiang, C. (2021). 2D Ruddlesden–popper perovskite single crystal field-effect transistors. 
Advanced Functional Materials, 31(1), 2005662.

73.	Li, W., Xin, D., Tie, S., Ren, J., Dong, S., Lei, L., Zheng, X., Zhao, Y., & Zhang, W. H. (2021). 
Zero-dimensional lead-free FA3Bi2I9 single crystals for high-performance X-ray detection. 
Journal of Physical Chemistry Letters, 12(7), 1778–1785.

74.	Zheng, X., Zhao, W., Wang, P., Tan, H., Saidaminov, M. I., Tie, S., Chen, L., Peng, Y., Long, 
J., & Zhang, W. H. (2020). Ultrasensitive and stable X-ray detection using zero-dimensional 
lead-free perovskites. Journal of Energy Chemistry, 49, 299–306.

75.	Song, X., Cui, Q., Liu, Y., Xu, Z., Cohen, H., Ma, C., Fan, Y., Zhang, Y., Ye, H., Peng, Z., Li, 
R., Chen, Y., Wang, J., Sun, H., Yang, Z., Liu, Z., Yang, Z., Huang, W., Hodes, G., Liu, S., & 
Zhao, K. (2020). Metal-free halide perovskite single crystals with very long charge lifetimes 
for efficient X-ray imaging. Advanced Materials, 32(42), 2003353.

76.	Liu, Y., Zhang, Y., Zhu, X., Feng, J., Spanopoulos, I., Ke, W., He, Y., Ren, X., Yang, Z., Xiao, 
F., Zhao, K., Kanatzidis, M., & Liu, S. (2021). Triple-cation and mixed-halide perovskite sin-
gle crystal for high-performance X-ray imaging. Advanced Materials, 33(8), 1.

77.	Oranskaia, A., Yin, J., Bakr, O. M., Brédas, J. L., & Mohammed, O. F. (2018). Halogen migra-
tion in hybrid perovskites: The organic cation matters. Journal of Physical Chemistry Letters, 
9(18), 5474–5480.

78.	Liu, G., Wu, Y., Liu, Y., Cai, B., Dong, Y., Zhang, S., & Zeng, H. (2021). Halide ion migration 
in Lead-free all-inorganic Cesium tin perovskites. Applied Physics Letters, 119(3), 031902.

79.	Datta, A., Fiala, J., Becla, P., & Motakef, S. (2017). Stable room-temperature thallium bromide 
semiconductor radiation detectors. APL Materials, 5(10), 106109.

80.	Meggiolaro, D., Mosconi, E., & De Angelis, F. (2019). Formation of surface defects dominates 
ion migration in lead-halide perovskites. ACS Energy Letters, 4(3), 779–785.

81.	Le Corre, V.  M., Duijnstee, E.  A., El Tambouli, O., Ball, J.  M., Snaith, H.  J., Lim, J., & 
Koster, L.  J. A. (2021). Revealing charge carrier mobility and defect densities in metal 
halide perovskites via space-charge-limited current measurements. ACS Energy Letters, 6(3), 
1087–1094.

82.	Motta, C., El-Mellouhi, F., & Sanvito, S. (2015). Charge carrier mobility in hybrid halide 
perovskites. Scientific Reports, 5, 12746.

Z. Zhang and B. Saparov



109

83.	Meng, G., Feng, Y., Song, X., Shi, Y., Ji, M., Xue, Y., & Hao, C. (2018). Theoretical insight 
into the carrier mobility anisotropy of organic-inorganic perovskite CH3NH3PbI3. Journal of 
Electroanalytical Chemistry, 810, 11–17.

84.	Zhao, Y. Q., Wu, L. J., Liu, B., Wang, L. Z., He, P. B., & Cai, M. Q. (2016). Tuning superior 
solar cell performance of carrier mobility and absorption in perovskite CH3NH3GeCl3: A 
density functional calculations. Journal of Power Sources, 313, 96–103.

85.	He, Y., Ke, W., Alexander, G. C. B., McCall, K. M., Chica, D. G., Liu, Z., Hadar, I., Stoumpos, 
C. C., Wessels, B. W., & Kanatzidis, M. G. (2018). Resolving the energy of γ-ray photons with 
MAPbI3 single crystals. ACS Photonics, 5(10), 4132–4138.

86.	Wang, L. Z., Zhao, Y. Q., Liu, B., Wu, L. J., & Cai, M. Q. (2016). First-principles study of 
photovoltaics and carrier mobility for non-toxic halide perovskite CH3NH3SnCl3: Theoretical 
prediction. Physical Chemistry Chemical Physics, 18(32), 22188–22195.

87.	Rahul, Singh, P. K., Singh, R., Singh, V., Bhattacharya, B., & Khan, Z. H. (2018). New class of 
Lead free perovskite material for low-cost solar cell application. Materials Research Bulletin, 
97, 572–577.

88.	Ouhbi, H., Ambrosio, F., De Angelis, F., & Wiktor, J. (2021). Strong electron localization in tin 
halide perovskites. Journal of Physical Chemistry Letters, 12(22), 5339–5343.

89.	Zheng, F., & Wang, L. W. (2019). Large polaron formation and its effect on electron transport 
in hybrid perovskites. Energy & Environmental Science, 12(4), 1219–1230.

90.	Miyata, K., Meggiolaro, D., Tuan Trinh, M., Joshi, P.  P., Mosconi, E., Jones, S.  C., De 
Angelis, F., & Zhu, X. Y. (2017). Large polarons in lead halide perovskites. Science Advances, 
3(8), 201708.

91.	Bonn, M., Miyata, K., Hendry, E., & Zhu, X. Y. (2017). Role of dielectric drag in polaron 
mobility in lead halide perovskites. ACS Energy Letters, 2(11), 2555–2562.

Charge Carrier Mobility of Metal Halide Perovskites: From Fundamentals to Ionizing…



111

Advances in Organometallic Perovskites 
Enabled Radiation Detection Technologies

Murali Gedda , Hendrik Faber , Konstantinos Petridis , 
and Thomas D. Anthopoulos 

1 � Introduction

Radiation is the transmission or emission of energy by means of direct ionization 
(ionization radiation: α-particles and β-particles) or indirect ionization (high-energy 
radiation: X-rays and γ-rays). This is a fast-growing area of research that has shown 
a strong impact on various fields, including materials science, structural chemistry, 
and molecular biology. X-rays and γ-rays are effective tools for nondestructive 
inspection such as medical imaging [1–3], industrial monitoring [4], and security 
inspection [5]. Crystallography [6, 7], astronomy [8], and particle physics [9] are 
some of the relevant fields of high-energy radiation. Hence, efficient radiation 
detectors are pivotal to fully extract information from high-energy photons and par-
ticles. Ionizing radiation is a type of radiation that possesses enough energy to ion-
ize atoms or molecules. The electrons and protons are the particles in an atomic 
nucleus that are mainly included during direct ionizing radiation. On the contrary, 
indirectly ionizing radiation is typically photon radiation induced by electrically 
neutral particles. Photon radiation is also known as high-energy electromagnetic 
waves, including X-rays (0.1–100 keV) and γ-rays (0.1–100 MeV) [10, 11]. Figure 1 
represents the formation of common radiation types, including high-energy particle 
beams and photo radiation, and their related energies. Thanks to their high penetra-
tion and ionization, high-energy radiation can widely be used in various emerg-
ing fields.
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Fig. 1  (a) Schematic representation of particle and photon radiation and (b) the electromagnetic 
spectrum range from infrared to γ-rays

Semiconductors can detect radiation-induced free charge carriers with a suitable 
bandgap under suitably applied voltages. Analogous to normal photodetectors that 
work in UV-visible-infrared light ranges, semiconductor-based high-energy radia-
tion detectors can also directly generate current from free-charge carriers excited 
through the photoelectric effect or by Coulomb force. Most of the existing radiation 
detection devices are based on silicon (Si), germanium (Ge), amorphous selenium 
(a-Se), cadmium telluride (CdTe), cadmium zinc telluride (CZT), or mercury iodide 
(HgI2) [12]. Converting radiation into electrical or optical signals that can be further 
amplified using conventional electronics is the operational principle of most radia-
tion detectors. Thus, along with the radiation-specific requirements, they must sat-
isfy a few standard requirements. Primarily, the bandgap must be from 1.5 eV to 
2.5 eV [13] to ensure a low dark current and to provide a sufficient energy barrier 
for electron-hole pair production; the semiconductor’s large stopping power for 
effectively detecting high-energy radiation needs a high average atomic number Z 
and high mass density [14]. For example, the narrow bandgap (1.12 eV) and small 
atomic number of the widely used semiconductor Si yield a large dark current at 
room temperature, thus limiting the fabrication of high-performance radiation 
detectors based on Si. On the other hand, the relatively large bandgap (1.57 eV) and 
a high atomic number (49.3) of CZT materials show excellent performance in com-
mercial radiation detectors [15, 16]. The carrier mobility-lifetime product μh/eτ is 
another essential factor of semiconductors employed for radiation detection. A large 
μh/eτ product enables a long carrier diffusion length, which indicates the reduced 
combination and possibility of a carrier being captured. In addition to direct detec-
tion, radiation can also be detected using scintillator and photodetector arrays, also 
known as indirect radiation detection. Conversion of high-energy photons and par-
ticles into visible light via scintillators followed by detection using sensitive photo-
detectors such as photodiode arrays and complementary metal-oxide semiconductors 
(CMOS), charged-coupled devices (CCD), etc. are the critical steps involved in 
indirect detection of radiation. Therefore, the scintillator is the crucial component 
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that determines conversion efficiency performance. Long-term stability, high energy 
resolution, and high light yield for generating enough detectable signals are the 
necessary traits of a high-quality scintillator. Inorganic crystals such as thallium-
doped sodium and cesium iodides (NaI(Tl) and CsI(Tl)) are widely employed scin-
tillator materials in the current market [17, 18]. However, complex growth methods 
and operating conditions are the limiting factors of these commercial semiconduc-
tors. Therefore, the demand for economical, facile processable semiconductors is 
rapidly raised.

Metal-halide perovskites (MHPs) emerged as a family of promising photoactive 
materials with excellent features over the past few years, including a long carrier 
lifetime, large absorption coefficient, high light yield, and cost-effective growth 
methods [19–21]. The general formula of MHPs is ABX3, where A site represents 
inorganic cation such as Cs+, a monovalent organic cation (e.g., methylammonium 
(MA = CH3NH3), formamidinium (FA = CH (NH2)2), or a mixture thereof and the 
B site is Pb or the recently focused non-Pb component, Sn, and X is a halide com-
ponent Cl−, Br−, I−, or a mixture thereof. The outstanding electronic and photophysi-
cal properties of halide perovskites also allow them as potential candidates for 
next-generation optoelectronic or electronic device applications beyond broadly 
investigated halide perovskite solar cells, such as light-emitting diodes [22–24], 
transistors [25, 26], lasers [27], and photodetectors [28, 29].

Since the first report that pointed out metal-halide perovskites can detect radia-
tion [30], many radiation detectors based on MHPs have been fabricated, and their 
performance has further improved [31–33]. In this regard, the rapid research prog-
ress and great strides that metal-halide perovskites have made in ionizing radiation 
detection call for a swift and consistent survey into the state of the field. In addition, 
detecting the directly ionizing radiation particles using MHPs is another fascinating 
area of research. Therefore, this chapter aims to comprehensively summarize the 
recent successes, ongoing developments, and challenges of MHPs for radiation 
detection devices, emphasizing fundamental detection principles of various photons 
and charged particles. The beginning of the chapter presents the working mecha-
nism of different radiation detectors. The subsequent section discusses the promi-
nent physical characteristics of metal-halide perovskite materials for radiation 
detection. Recent accomplishments and ongoing efforts on MHP-based radiation 
detectors, particularly the detection of charged particles (alpha and beta particles), 
as well as high-energy photons (γ- and X-rays), are discussed in the following sec-
tion. Since the area of MHP-based radiation detectors is rapidly evolving and 
numerous emerging technologies have been reported during the last 2 years, this 
chapter focuses mainly on summarizing the research findings during the past 
2 years. The last part of the chapter consists of conclusions and presents a perspec-
tive for the future development of MHP materials for radiation detection applica-
tions. It also proposes some strategies to advance their enduring stability and device 
performance.
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2 � Working Principles of Radiation Detectors

2.1 � Direct Radiation Detectors

Direct radiation detection can be attained by employing suitable semiconductors in 
the current or voltage modes. An ammeter is connected across the output of the 
detector in the current mode. Therefore, the measured current is the time average of 
all the individual pulses. The mean square voltage mode is effective when mixed 
radiation environments produce an uneven charge amount. The recorded detector’s 
mean square of the time variance current is proportional to the square of the charge 
produced in each event and the rate of the event. However, the performance of the 
direct detector depends on the interaction of the incident particle or photon with the 
active semiconductors [34, 35].

2.1.1 � Detection of Alpha (α) and Beta (β) Particles

The α-particles were named by Rutherford in 1899, and soon after, in 1907, these 
particles were confirmed to be helium nuclei. The energy of α-particles decayed 
from heavy atoms depends on the half-life of the emission process, i.e., a larger 
nucleus emits particles with higher energy. Due to their higher particle mass than 
other radiations, the energy of α-particles ranges between 3 and 7 MeV, with a speed 
of 15,000 km s−1. Therefore, the penetration of α-particles is typically lower than 
that of β-particles or γ-rays, and a piece of paper or human skin could block it. 
However, it is the most harmful ionizing radiation; if the atoms that emit α-particles 
accidentally enter the human body, they could cause serious chromosomal damage 
to DNA which is 20 times worse than that caused by the same dose of γ-rays or 
β-particles [36]. In this regard, developing high-quality detectors for α-particle radi-
ation is important. Such detectors are useful for environmental safety concerns and 
the nuclei information conducted by α-particles. An α-spectrum is commonly used 
to characterize α-particles ejected from the nuclei. Therefore, peak resolution is an 
important parameter for radiation detectors that helps in generating a spectrum with 
clear segregated radiation peaks. μh/eτ product is another key parameter of α-particle 
detectors, related to the charge collection efficiency (CCE). The following Hecht 
equation is generally used to derive CCE for a single carrier [37]:
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where η is CCE, q and q0 are the collected and the total injected charges, V is 
applied voltage, and d is the thickness of the detector.

The flux of high-energy particles like α-particles is weak and reaches the detector 
one after another. Therefore, the direct high-energy particle detector works in 
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voltage mode. The inelastic collisions of α-particles with the semiconductor lead to 
the generation of electron-hole pairs whose number depends proportionally on the 
energy of α-particle. The next step is separating and collecting generated charges in 
the form of current upon biasing voltage. As the originated current signal strength is 
low, integration of a charge-sensitive preamplifier with the semiconductors to boost 
the signal is the commonly employed process. The amplifier then combines the cur-
rent signal and converts it into a voltage pulse, which is also proportional to 
α-particle energy. An α-particle spectrum as the final output is recorded by process-
ing voltage pulses using a multiple-channel digitizer.

β-rays comprise electrons or positrons with reasonable penetration depths and 
are crucial in cancer cell treatment [38] and surface radiative contamination surveil-
lance [39]. In addition to its higher speed and low energies than α-particles, 
β-particles possess different interactions when they meet atoms. When β-particles 
interact with the atom’s nuclei, they get scattered elastically and change their trajec-
tory. Interaction between β-particles and electrons in the atoms leads to inelastic 
scattering, which produces photons and other electron signals. For the element with 
a larger Z, the ratio of elastic and inelastic scattering (η) is higher. Therefore, inelas-
tic scatterings in low-Z elements yield more photons. Similar to α-particle detec-
tion, β-particles can also be detected in the voltage mode using semiconductor-based 
detectors via separation and collection of generated electron-hole pairs.

2.1.2 � X-Ray Detection

The current mode is commonly employed in direct X-ray detectors, where the pho-
ton flux is strong enough to generate current signals. The X-ray photons interact 
with the active semiconductors and converts into electron-hole pairs by photoelec-
tric effect and Compton scattering. The generated charged carriers are further col-
lected by electrodes under the applied voltage bias, producing the current signals. 
Key figures of merit (FOM) that determine the performance of a direct X-ray detec-
tor are discussed in the following.

Stopping Power

The rate of energy lost per unit of path length (x) by a charged particle with kinetic 
energy (TE) in a medium of atomic number Z (Z ∝ ρ, where ρ is the density of the 
material) is the stopping power. It is measured in MeV/cm or J/m. The following is 
the representative form of stopping power:

	 dT dxE / ρ 	 (2)
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Ionization Energy (W±)

The energy required to release an electron-hole pair in the photoconductor sensing 
material is ionization energy (W±). The general representation of ionization energy 
in terms of energy bandgap (Eg) of the absorbing material and photon energy (Ephoton) 
is as follows [40]:

	
W E E� � �2 2. g photon 	 (3)

or

	
W E� � 3 g 	 (4)

μh/e τ Product

High detection sensitivity is needed to generate good-quality images at any X-ray 
dose. The sensitivity of X-ray detectors can be enhanced through two different 
methods: (a) rising the mobility-lifetime (μh/eτ) product as it relates to the carrier 
drift length (LD) given as LD = (kBTμτ/e)1/2 and (b) higher applied reverse bias. High 
μh/eτ product and low trap density are essential for efficient direct X-ray detectors. 
The μh/eτ product for a given sensing material can be estimated from the modified 
Hecht formula for photoconductivity (I) [41]:
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where Io is the saturated photocurrent, L is the thickness of the material, V is the 
applied bias, and s is the surface recombination velocity.

Sensitivity

The ability to detect weak signals is known as sensitivity. The following formula 
can calculate the detector’s sensitivity:
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where IX-ray and Idark are the generated currents with and without X-ray irradiation, D 
is the dose, and Vd is the detector volume.
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The detector’s linear dynamic range (LDR), which represents the range of X-ray 
dose rate under which the sensitivity remains constant, is a crucial parameter in 
describing a detector’s properties. Large LDR will ensure that the detector delivers 
a precise measurement of the X-ray dose rate under a large deviation range.

Energy Resolution

The energy resolution is the detector’s ability to determine the incident radiation 
energy [42]. It is derived from the ratio between the FWHM and the photo-peak 
centroid Hmax. Thus, the energy resolution (R) is calculated from the following 
equation:

	
R

FWHM

H
% =

max 	 (7)

The thickness of the active layer should be three times larger than the attenuation 
length. The magnitude of the produced electrical current is proportional to the inci-
dent photon energy in direct radiation X-ray detectors operated in current mode. 
The key FOM parameters of high-energy radiation direct detectors and their signifi-
cance are listed in Table 1.

2.2 � Indirect Radiation Detection

The indirect radiation detectors consist of scintillator and photodiode arrays, which 
can also detect high-energy particles or photons [43]. As discussed in the previous 
section, high-energy particles can ionize the active semiconducting materials by 
Coulomb force. In contrast, photoelectrical effect, Compton scattering, and pair 

Table 1  Some of the key direct radiation detectors’ FOM parameters and their significance

FOM parameter Significance

Mass attenuation coefficient Determines the penetration depth
Density of the sensing material Relies on the composition and structural properties 

of the active material
Signal-to-noise ratio Describes dark current
Spatial resolution of the detector Governs the image resolution
Response time Photogenerated charges and transport
Uniformity of the sensing material Processing versatility of the active material
Operational stability Detector’s performance during operation
Electron/hole mobility (μh/e)—Lifetime (τ) 
product (μh/eτ)

Identifies the quality of a semiconductor
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production generally occur in the materials when high-energy photons interact. The 
generated excitons through these processes will then be transferred to the defects 
states and recombined, yielding UV or visible light emission. Photo-sensitive pho-
todetector arrays or cameras will further capture the emitted UV or visible light, and 
the output is generated as a current signal or image information. All processes are 
characterized by absorption coefficients determined by the scintillator material’s 
atomic number (Z) and the photon energy. In the photoelectric effect dominant case, 
the linear absorption coefficient (μL) is given by

	 � �L � Z En / .3 5

	 (8)

where E is the photon energy, ρ is the material density, and n is a constant that varies 
between 3 and 4.

Compton scattering, a part of the photon’s energy transferred to the electron 
depending on the scattering angle, generally occurs at higher energies. The Compton 
scattering linear absorption coefficient (μC) is given by [44, 45]

	
�C � � �� �/

/1 2

	 (9)

The generation of low-energy excitons (pair production) usually occurs at very 
high-energy interactions that eventually produce visible light upon recombination. 
The emitted light can then be detected via photodetectors coupled with the scintil-
lator element. The absorption coefficient (μP) associated with pair production is 
expressed as

	
� �P e� � �� ln( /2 2E m c

	 (10)

where c is the speed of light and me is the mass of electrons. Conversion, energy 
transfer, and luminescence are the three main subprocesses involved in scintillation. 
The first stage of scintillation is photon absorption. Charge transport and energy 
transfer are the further steps. The final process comprises the transfer of energy of 
hot carriers to the luminescence centers that lead to visible light emission.

The number of electron-hole pairs generated during the ionization process per 
unit of energy is denoted by light yield (LY), measured as photons per MeV. The 
corresponding expression is as follows:

	
LY SQ c� � �106 / � �g 	 (11)

where S is the efficiency of electron-hole transport to the optical (emissive) center, 
Q is the luminescence efficiency, and βc is a constant with a characteristic value of 
2.5. Some of the key FOMs of the scintillator are listed in Table 2.
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Table 2  Important FOM parameters and their significance for high-energy scintillation detectors

FOM parameter Significance

Radiation absorption 
efficiency

Relies on the density of scintillator material and Z

Light yield (LY) Number of emitted photons per absorbed energy
Decay time Kinetics of light response I(t) characterized by τ
Energy resolution Ability to differentiate peak radiation energies
Spatial resolution Governs the spatial frequency response of the photodetector
Radiation hardness Characterizes the chemical and radiation stability
Proportionality Linearity of the detected signal to the incoming radiation intensity
Afterglow Residual light output occurring after the primary decay time of the 

main luminescent centers
Stopping power Attenuation coefficient of the absorbed radiation

3 � Desired Properties of Halide Perovskites 
for Radiation Detection

As discussed in the previous section, the superior electronic and photophysical 
properties of halide perovskites, including large absorption coefficients, long carrier 
lifetimes, high light yields, and cost-effective growth methods [46–49], put them in 
a position to be auspicious candidates for next-generation electronic [25, 26, 50] 
and optoelectronic devices, such as solar cells [51, 52], light-emitting diodes [27, 
53, 54], LASERs [27], and photodetectors [55]. Furthermore, several prerequisites 
must be fulfilled to serve a semiconductor as a high-performance radiation detector. 
The attenuation coefficient is one of the important figures of merit (FOM) that 
decides the performance of the radiation detector. High-Z element semiconductors, 
such as CdTe and MHP, have higher attenuation than low-Z element semiconduc-
tors, such as Si and a-Se. Figure 2a shows the attenuation coefficient variation as a 
photon energy function. The inverse proportional relation of attenuation coefficient 
and energy implies that the detector’s thickness and material choice must be tuned 
to achieve efficient absorption. Many research articles on radiation detectors based 
on inorganic and hybrid halide perovskites have also been fabricated for detecting 
high-energy charged particles and photons. The splendid features of halide 
perovskite materials for radiation detection applications have been detailed in the 
following subsection.

3.1 � Large Stopping Power

Since high-energy particles/photons can be pulled down with more energy loss and 
thus more signal outputs, large stopping power is vital for high-performance radia-
tion detectors. Perovskite with heavy metal ion lead (Pb) and halide components 
(typically Br or I) offer high average atomic numbers to achieve  large stopping 
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Fig. 2  The variation of the attenuation coefficient as a function of the photon energy of some 
popular perovskites and inorganic semiconductors. Reproduced with permission from Ref. [33]

power and consequently great detection efficiency. For instance, CsPbBr3, an all-
inorganic halide perovskite, has an average atomic number of about 65.9, which is 
even superior to that of 49.3 for the CZT material. The density of MAPbI3 is 
4 g cm−3, and the corresponding linear attenuation coefficient is around 10 cm−1 at 
100 keV, whereas inorganic perovskite CsPbI3 even offers a larger linear attenuation 
coefficient of 14  cm−1. Linear attenuation coefficients of some of the halide 
perovskites, MAPbI3 and CsPbBr3, and that of the commonly used Se, Ge, Si, and 
CdTe at different photon energies are shown in Fig. 2. It is clear from the figure that 
the halide perovskite materials exhibit the linear attenuation properties comparable 
and even higher than those commonly used materials.

3.2 � Appropriate Bandgap and High Bulk Resistance

A large bulk resistance of a perovskite radiation detector is essential to ensure low 
dark currents and noise at room temperature, specifically when a high bias is 
employed. Currently, the estimated bulk resistances of lead-halide perovskites range 
from 107 to 109 Ω-cm, which can be further tuned by adjusting the halide compo-
nent ratio in the perovskite [56, 57]. Also, metal-halide perovskites have tunable 
bandgaps ranging from 1.3 to 3.2 eV that can be adjusted through their halide com-
ponents, making them ideal materials for radiation detectors.
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3.3 � High μh/eτ Product

The recombination and trapping processes of charge carriers that are generated in 
the semiconductor by radiation depend on intrinsic and extrinsic defects of the 
material. Both processes effectively decrease the current flow, and thus the signal 
intensity is minimized. As a result of reduced recombination at defect sites, larger 
carrier-lifetime product μh/eτ values can be achieved. Thus, the electrodes can col-
lect more charge carriers, increasing the detector’s efficiency. Most defect centers of 
halide perovskite films are generally situated at the surface or grain boundaries. This 
is the reason for exhibiting a low trap density of 107–109 cm−3 and thus high μh/eτ 
products in grain boundary-free single crystals. The MAPbI3 single crystal holds a 
high μe/hτ product of 10−2 cm2 V−1, with an extended carrier diffusion length over 
175 μm [58]. Besides, the internal quantum efficiency of a 3-mm-thick MAPbI3 
single crystal can also approach 100% under faint light illumination, which indi-
cates a diffusion length almost exceeding 3 mm [59].

3.4 � Inexpensive and Facile Growth Methods

Cost-effective crystal growth and device fabrication methods are halide perovskites’ 
advantages. In comparison, the growth of widely used commercial semiconductors, 
like Si, Se, Ge, and CZT, typically requires very controlled and complex instru-
ments. Contrarily, lead-halide perovskites can typically be produced at nominal 
temperatures (~150 °C) via solution methods. Moreover, the overall process is rela-
tively inexpensive compared to the commonly used semiconductors mentioned 
above. For instance, a 1  cm3 perovskite single-crystal growth costs around $0.3 
when scaling up the production, which is four times lower than CZT crystal growth 
[32]. In addition, the facile fabrication of devices via a one-step spin or spray coat-
ing from dispersions of freshly grown perovskite crystals enables an enormous 
potential for further integration.

3.5 � High Light Yield

Metal-halide perovskites are compatible with direct photoconductors and indirect 
scintillators for detecting high-energy radiation. When transforming from 3D to 
lower dimensional crystal forms, perovskites display robust radioluminescence 
under the excitation of high-energy radiations. For example, lead-halide perovskites 
showed optimal device performance with a higher light yield over 106 ph MeV−1 
and a fast decay time of <1 ns, which are superior to conventional LaBr3-Ce scintil-
lators (light yield, 70,000 ph MeV−1; decay time, 16 ns) [60]. Such high light yield 
and fast decay are required for first-class scintillators that allow measuring the 
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initial particle or radiation time with high accuracy and time resolution. Besides, 
halide perovskites also permit easy halide ion exchanges that promote a tunable 
luminescence spectrum over the visible region [61, 62].

4 � Halide Perovskites for Particle Detection

4.1 � α-Particle Detectors

4.1.1 � Direct Detection of α-Particle

Due to the high charge carrier mobility, long diffusion length in the tens of microm-
eters range, and low trap density of 109 cm−3, perovskite single crystals have been 
explored for direct and indirect ionized particle detection. Several reports on halide 
perovskites for α-particle detection include 3D, 2D, 0D, and other perovskite-
related structures [63]. The primary attempt to detect α-particles using solid-state 
detectors based on MAPbBr3 (density: 3.7 g/cm3) halide perovskites was reported 
by Xu et al. [64]. The α-particle detectors were fabricated on bulk MAPbBr3 single 
crystals (5 × 5 × 2 mm3) in a metal-semiconductor-metal (MSM) structure. At the 
same time, BCP and C60 films coated all around served the purpose of both passiv-
ation and electron extraction. A series of energy spectrums were obtained under the 
exposure of a 0.8 mCi241Am source for 900 s at different biases. However, the energy 
spectra attained from the 241Am α-source consists of broad spectral peaks and non-
linear peak position with the applied voltage (Fig. 3a). Unbalanced electron and 
hole transport induced high dark current (206 nA cm−2) are the major attributes of 
this anomaly. Liu et al. adopted a modified antisolvent vapor-assisted crystallization 
(AVC) method (Fig. 3b) to improve the morphology and quality of MAPbBr3 single 
crystal (Fig. 3c), thereby enhancing detector performance [65]. The devices fabri-
cated in MSM structure with centimeter-sized MAPbBr3 bulk crystals display bulk 
resistivity of about 5.6 × 108 Ω-cm and 400 nA leakage current under 100 V. The μh/

eτ products are 2.2 × 10−4 and 4.2 × 10−4 cm2/V for electrons and holes. The electron 
and hole mobility is estimated to be 24.6 and 59.7 cm2/(V-s), respectively, using a 
0.8 μCi 241Am α-source. MAPbI3 single-crystal detectors reported by He et al. pre-
sented an enhanced performance in detecting 241Am α-particles [68]. Balanced 
charge transport and low dark current of ∼81 nA cm−2 have been reported. The abil-
ity to detect the 5.5 MeV 241Am α-particles with an energy resolution of 14% is one 
of the key achievements of this work. Another work from the same group on an 
inorganic CsPbBr3 single-crystal radiation detector [69] can simultaneously resolve 
the γ-ray (122 keV) and α-particle (5.5 MeV) peaks from a 57Co source with energy 
resolutions of 4.8% and 15%, respectively (Fig. 3d,e). In general, due to their lower 
defect density, inorganic perovskites possess higher stability than organic-inorganic 
hybrid perovskites [66]. They have great potential to compete with the current tech-
nology for α-particle detection, especially considering the recent progress in high-
resolution γ-ray detectors based on CsPbBr3 [66, 70, 71].
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Fig. 3  (a) Spectral peak centroids obtained as a function of different applied voltages. (b) 
Representative diagram of MAPbBr3 crystals grown from the solution by the AVC method. (c) 
As-grown cubic and polyhedral MAPbBr3 crystal photograph. (d) Energy resolved spectrum Pb/
MAPbI3/Au detector under 241Am radiation source. (e) Graphical representation of X- or γ-ray 
photon and charged particle (α-particle) interaction with MAPbI3. (f) Attenuation length of A3M2I9 
compounds compared to CZT and BiI3. a is reproduced with permission from [64], b and c are 
from [65], d and e are from [66], and f is from [67]

On the other hand, quantum well-structured 2D perovskites with lead-halide 
octahedra layers separated by bulk organic molecules yield great stability and 
extended exciton binding energies than 3D perovskites, favorable for optoelectron-
ics [63]. For instance, direct detectors with 2D Dion-Jacobson perovskite (BDA) 
and CsPb2Br7 single crystals with a large bandgap of 2.76 eV and a high resistivity 
of 4.35 × 1010 Ω-cm exhibit a low dark current density of 34 nA cm−2 and 37% 
energy resolution for 241Am α-particles [72]. Though the energy resolution still falls 
behind those of 3D perovskite, 2D perovskites hold great potential as α-particle 
detectors.

A few more perovskite-related structures have also been discovered as radiation 
detectors. The deformed perovskites with the formula A3M2I9 (Rb3Bi2I9, Rb3Sb2I9, 
Cs3Bi2I9, and Cs3Sb2I9) were shown to detect α-particles as their attenuation length 
varies linearly with energy (Fig. 3f) [67]. Even though these materials could detect 
α-particles, their characteristic features, such as energy resolution, are far behind 
that of the conventional detectors [73]. The amount of collected charge concerning 
the generated charge, also known as charge collection efficiency (CCE), is another 
important performance factor, and it varies significantly with the number of charge 
traps. Perovskites with a high density of defects would cause lower CCE than con-
ventional ones. Nevertheless, the prerequisite for good carrier transport abilities 
also restricts the choice of materials. Future studies must concentrate on enhancing 
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the crystal quality of halide perovskites and improving the device structure to 
increase both CCE and energy resolution.

4.1.2 � Scintillators for α-Particle Detection

Perovskites with 2D and 0D structures are mostly explored to build scintillators for 
α-particle detection [63]. Li et  al. synthesized (BA)2PbBr4 microcrystals for 
α-particle scintillation and achieved 24% energy resolution for α-particles from a 
237Np source [74]. The scintillator emitted 427 nm light with a reasonable yield of 
7000  ph  MeV−1, analogous to a commercial plastic scintillator EJ228 
(10,200 ph MeV−1) (Fig. 4a, b). The 0D perovskite, Cs4PbBr6, in which the lead-
halide octahedra are disjointed by Cs+ cations, emits green light probably due to the 
presence of CsPbBr3 impurities [76, 77]. The scintillators based on Cs4PbBr6 single 
crystals proposed by Li et al. displayed a high PLQY of 86.7% at 525 nm (Fig. 4c, 
d) [78]. Even though the scintillator showed high light yield, it suffered from poor 

Fig. 4  (a) Radio luminescence (RL) spectrum of BA2P microcrystals under 30 keV X-ray irradia-
tion. (b) Pulse height spectrum of BA2PbBr4 microcrystals and the commercial plastic scintillator 
EJ228 under 137Cs excitation. (c) Transmission and RL spectrum under 40 keV X-ray excitation. 
(d) Variation of RL as a function of dose rate. a and b are reproduced with permission from [74], 
d and c are from [75]
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energy resolution (for 5.5 MeV α-particles was only 58.7%). Poor photon collection 
efficiency could be the possible reason for such low resolution. The same group 
further developed Cs4PbI6 single-crystal scintillators and attained an enhanced 
energy resolution of 43% for 5.5 MeV α-particles as well as a decent light yield of 
50% [75].

While the recent progress on halide perovskite scintillators for α-particle detec-
tion emphasizes their great potential, unlike X-ray scintillators, very limited materi-
als have been explored for α-particle scintillators [79]. There are still plenty of 
options to find better-performing compositions, particularly perovskite nanocrys-
tals, which are highly promising X-ray scintillators [80].

4.2 � β-Particle Detectors

High-energy electrons or positrons ejected by specific nuclides are known as 
β-particles. Detecting β-particles is vital for radioactive contamination surveillance 
[81]. β-particles have moderate penetration ability, higher than α-particles but lower 
than X-rays. Elastic or inelastic scattering are the two possible events that occur 
upon entering the β-particles into absorbing materials. Secondary emissions such as 
Auger electrons, secondary electrons, and X-rays are usually created in inelastic 
scattering. The electron-hole pairs that are yielded from secondary radiation con-
tribute to the detector signal. Backscattering, which depends strongly on the Z 
value, usually originates from the elastic scattering between the β-particles and the 
nuclei [82]. Low-Z elements are ideal for β-particle detectors.

β-particle scintillators that are demonstrated so far are based on hybrid halide 
perovskites only. Due to their smaller average Z values than 3D perovskites and bet-
ter irradiation hardness [83], Yu et al. choose 2D perovskite to fabricate β-scintillators 
[84]. To enhance PLQY and reduce reabsorption, Mn has been introduced as a dop-
ant. The resultant Mn-doped STA2PbBr4 perovskite showed enhanced PLQY by 
50% along with high scintillation light yield of 24,000 ph MeV−1. Moreover, as 
displayed in Figs. 5a, b, the scintillator exhibited excellent linearity and superior 

Fig. 5  (a) The scintillation spectra of the Mn-doped 2D HP scintillator under different β-ray irra-
diation intensities. (b) Linear response of the 2D HP scintillator down to the detection limit. (c) 
The spectrums of epoxy-PPO/perovskite plastic scintillators obtained by the 90Sr planar source. a 
and b are reproduced with permission from [83] and c is from [85]
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β-irradiation hardness. Hybrid perovskites that are implanted in the plastic scintilla-
tors are also found to be effective for β-scintillation. For example, a transparent 
scintillator with CsPbBr3−xClx nanoclusters embedded in epoxy/PPO (PPO: 
2,5-diphenyloxazole) featured a significant Stokes shift and substantially reduced 
reabsorption [85]. Moreover, the scintillator was able to produce an energy spec-
trum with higher counts that are superior to the commercial one, in the high energy 
range upon β-irradiation from a 90Sr source (Fig. 5c). The demonstrated results dis-
closed the halide perovskites’ potential applicability in plastic scintillators.

While the recent progress on halide perovskite β-particle scintillators is impres-
sive in terms of light yield, the poor energy resolution is yet to be addressed. Detailed 
and comprehensive studies are required to answer the several open questions related 
to performance and material choice. Considering the similarities between X−/γ-ray 
detectors and β-particle detectors, impending studies could pursue similar material 
choices and device architectures for both direct detectors and scintillators, which 
would allow direct comparison between these two types of detectors. Perovskites 
with lighter elements such as Sn and Cu in place of Pb can be considered to solve 
the problem of electron backscattering triggered by atoms with high Z value.

5 � Halide Perovskites for X-Ray Detection

5.1 � Direct-Type X-Ray Detectors

X-ray detectors are not only attractive for scientific research but also have a wide 
range of applications in medical imaging and nondestructive inspection [63, 67, 72]. 
The conventional materials, CdZnTe, α-Se, HgI2, and Si, are promising for X-ray 
photon detection, but their complex and energy-expensive fabrication process are 
the major hurdles to their wide spread [73, 74]. High-performing X-ray detectors 
with greater sensitivity, better-energy resolution, and low dose rate are vital for 
medical imaging applications. A large attenuation coefficient and high μh/eτ product 
are some more important definitive parameters. In the recent past, due to their high 
and balanced carrier mobility, long carrier diffusion length, low trap density, and 
low processing cost, lead-based halide perovskite compounds with APbX3 form 
were explored mostly for X-ray detectors [75, 78–80]. A summary of the achieved 
sensitivity values for single and multi-crystalline MHPs in recent years is given in 
Fig. 6a and combined with their respective mobility-lifetime products is shown in 
Fig. 6b. The increasing trend of sensitivity with μh/eτ product unveils its potential for 
real-world applications.

CsPbBr3 has an effective atomic number of 65.9 with a high attenuation coeffi-
cient, carrier mobility, and μh/eτ products. Recent advancements in CsPbBr3-based 
X-ray detectors dictate its great potential for high-sensitivity applications [109]. 
However, ion migration, especially under high applied electric fields, is one of the 
major issues of these 3D perovskites that limits the operational stability of the 
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Fig. 6  (a) An overview of the attained sensitivity values for single and polycrystalline MHPs in 
the recent past and (b) combined with the corresponding mobility-lifetime products. The data has 
been extracted from the references [75, 86–108]

detector. The work by J. Wei et al. addressed the ion migration issue and proposed 
a “perovskite in a host” approach [110]. The authors proposed embedding CsPbBr3 
perovskite nanocrystal (PNC) in an organic semiconductor (P3HT:PCBM) perco-
lating network (Fig. 7a). The presence of the surrounding organic phase blocks the 
ion migration and, at the same time, operates as the X-ray-generated charge trans-
port pathways. The ability to tune the operational mode from indirect- to direct-type 
X-ray conversion by reducing the ligand density on the PNC surface is attractive 
figures of merits, among others. Suppressed ion migration, enhanced sensitivity to 
5696 μC Gyair

−1 cm−2, low detection limit down to 72 nGyair s−1, low dark-current 
even at higher voltage bias, and good operational stability are the important attri-
butes of this method (Fig. 7b). The higher sensitivity, biasing stability, and solution 
processability further highlight the immense potential of this work for efficient 
X-ray imaging toward large-area flat panel imaging. Doping CsPbBr3 with iodine 
atoms is another approach to enhance the impact of the CsPbBr3 single crystal as an 
X-ray imaging detector proposed by P. Zhang et al. [109]. This work addresses the 
low resistivity and strong ion migration of CsPbBr3 single crystals, which degrades 
their performance as direct X-ray detectors. Their findings were very encouraging 
since all the figures of merit of a direct X-ray detector measured were improved as 
a function of the doping level. More particular, the resistivity of CsPbBr3-nIn single 
crystals increases from 109 Ω-cm (CsPbBr3) to 1011 Ω-cm (CsPbBr2I) that leads to 
enhanced μh/eτ product and lowered detection limit (54 nGys−1) for hard X-rays 
(120  keV) (Fig.  7c). The non-encapsulated single-crystal (CsPbBr2.9I0.1) imaging 
detector exhibits excellent ambient stability with stable dark current density (0.58 
μΑ cm−2). CsPbBr3-based spectroscopic-grade detector for hard X-ray detection 
with an extremely low detection limit in energy-discrimination configuration is 
demonstrated by Y.  He et  al. [112]. This work dictates the potential of 
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Fig. 7  (a) Schematic of direct-type PNC-based X-ray detectors. (b) Sensitivity variation of the 
device with storage time in an N2 glove box for over 480 h. (c) Lowest detectable dose rate of the 
CsPbBr3−nIn and CZT detectors. (d) The photocurrent density of the device was obtained at a dif-
ferent dose rate of X-ray irradiation. Inset: Cs3Bi2I9 single-crystal grown by top-seed solution 
(TSS) method. a and b are reproduced with permission from [110], c is from [109], and d is 
from [111]

spectroscopic-grade CsPbBr3 for X-ray photon counting. The proposed single-
crystal X-ray detectors exhibit high X-ray sensitivity of about 5111 μC Gyair

−1 cm−2 
at 50 kVp and an extremely low detectable dose rate of 0.02 nGyair s−1, which is far 
superior to traditional photoconductive X-ray detection systems. The photon count-
ing method could revolutionize X-ray imaging in various medical and nondestruc-
tive probing applications [113, 114].

Organic-inorganic hybrid perovskite like MAPbBr3 possesses a large X-ray atten-
uation coefficient, high resistivity, and large μh/eτ product, which are promising for 
high-sensitivity radiation detectors (Fig. 2) [115]. However, the anisotropy during 
the perovskite single-crystal growth diminishes the figure of merits of the detector. 
Feng et  al. introduced a facile fabrication technique of large-area single crystals 
directly onto substrates [116]. The proposed technique is based on controlling the 
distance between the solution surface and substrates. Posttreatment of the single 
crystals with UV/ozone further tailored their electrical properties by passivating the 
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surface traps. The X-ray response was tested under an X-ray source with energy up 
to 50  keV.  The optimal devices display a sensitivity of 632 μC Gyair

−1  cm−2 
under -5 V bias. This performance surpasses that of commercial α-Se X-ray detectors.

One of the biggest drawbacks of lead-based perovskite X-ray detectors is toxic-
ity. One of the most promising candidates to replace Pb appears to be bismuth (Bi, 
Z = 83), with its atomic number among the largest nonradiative elements. Zhang 
et al. explored Cs3Bi2I9 perovskite, which has the largest atomic number of 57.71 
and enables 99% absorption of 40 keV X-rays [111]. The authors adopt the “top-
seeded solution process” for fast, facile, and high-yield (86%) crystal growth. The 
constructed Cs3Bi2I9-based direct X-ray detector yields the highest μh/eτ product of 
1.35 × 10−3 cm2 V−1 and sensitivity of 4382 μCGyair

−1 cm−2 (Fig. 7d), which are 
superior to similar X-ray detectors fabricated using other growth techniques. The 
lower-dimensional perovskite crystals (2D, 1D, and 0D) consist of bulk organic 
cations, which function as a moisture-resistant layer, thus promoting higher ambient 
stability. Particularly, lead-free lower dimensional perovskites are more attractive 
due to their nontoxic nature. Zhang et  al. report a large single 2D lead-free 
Rb4Ag2BiBr9 crystals developed by the “slow cooling method” and employed in 
direct X-ray detectors [117]. The resistivity of the bulk crystal was reported as 
2.59 × 109 Ω-cm, and the trap state density was estimated to be ∼1010 cm−3. The 
resultant X-ray detector displays decent operational stability with the detector sen-
sitivity of 222 μCGy−1 cm−2 at an electric field of 24 V/mm. Ease of preparation, 
high material stability, and inexpensive process of these materials are additional 
advantages. However, the X-ray detector’s performance seems limited by intrinsic 
defects and needs further improvement.

Even though the halide perovskite semiconductors have been exposed as excel-
lent materials for direct X-ray detectors, the ion migration effect when operating at 
a large electric field accelerates the degradation of perovskite-based electronic 
devices. On the other hand, limited indirect-type X-ray detectors (scintillators) are 
available due to the stringent requirements of ionizing radiation detection. Liu et al. 
attempted to address this pitfall by combining a direct-type X-ray detector based on 
MAPbI3 with an indirect-type 0D Cs3Cu2I5 scintillator [118]. The very successful 
energy transfer (type I energy level alignment) from Cs3Cu2I5 to MAPbI3 reduces 
the X-ray response time by 30 times (down to 36.6 ns from 1.07 μs of the single 
scintillator element of Cs3Cu2I5) and is the main success factor of this next genera-
tion X-ray detection.

5.2 � Indirect-Type X-Ray Detectors

Fast response time and good time resolution are key figures of merit of indirect 
X-ray detectors or scintillators. Applications such as time-of-flight positron emis-
sion tomography and time resolution measurements in synchrotron radiation facili-
ties constantly demand scintillators. The introduction of all-inorganic halide 
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perovskite nanocrystals with high X-ray efficiency, good operational stability, and 
low-cost solution processability makes them excellent candidates for X-ray nano-
second detectors. However, numerous elements that have been reported are based 
on the defect-bound exciton emission, which provides large Stokes shifts, thus 
severely harming the stable luminescence. Li et al. proposed the 0D Cs4PbI6 nano-
crystals for stable and fast X-ray detection [75]. The Cs4PbI6 single crystal-based 
scintillators showed a linear response to X-ray dose (from 145 nGyair/s to 3.75 
μGyair/s), highlighting its potential in X-ray imaging technology. The detection limit 
is 30-fold lower (187 nGys−1) than the required X-ray diagnostics (5.5 nGys−1), 
which is beneficial to avoid any adverse effects while diagnosing. Along with appre-
ciable ambient stability, the Cs4PbI6 scintillators respond faster than existing plastic 
commercial devices.

6 � Metal-Halide Perovskite Detectors for Space Applications

Despite the unique features of the perovskite semiconductors in detecting high-
energy particles (alpha particles, electrons, protons) and photons (γ-rays and 
X-rays), the application that made them so popular was their application for energy 
harvesting and solar cells. Perovskite solar cells (PSCs) are now one of the main 
competitive technologies to silicon regarding solar energy harvesting. The currently 
reported power conversion efficiency has reached values higher than 25% [52]. Due 
to their high specific power (> 20 W/gr, and higher than any other space-based solar 
cell technology), low-temperature solution processability, power conversion perfor-
mance, and radiation resistance, perovskite solar cell technology are very appealing 
for the next-generation space photovoltaic technology. This part reviews the 
approaches and consequences of PSCs for space applications and their resistance 
against high-energy particles and γ- and X-ray radiation.

Perovskites have aroused increasing interest in photovoltaics due to their flexible 
optoelectronic properties. Their outstanding optical and electrical properties, com-
patibility with flexible substrates, the highest specific power (12 times higher than 
that of c-Si or GaAs solar cells) for lightweight solar cell devices, and their excel-
lent radiation resistance (superior to that of glass) make PSCs excellent candidates 
for space applications. Limited stability factors such as lead toxicity and instability 
issues due to oxygen and humidity are not valid factors in space. So, it is not surpris-
ing that there is an increased interest in investigating their performance (PCE and 
stability) in space environments (AM0, vacuum, and exposure to high-energy par-
ticles and radiation bombardment). Since the application of PSCs in space is a field 
in its infancy, there is a great interest in reviewing their performance under harsh 
space conditions and, for the sake of this chapter, their high-energy particle (elec-
trons, protons, a-particles, and ions), and radiation (γ-rays, β-rays, x-rays) tolerance. 
High-energy radiation and high-energy particles interacting with matter will trans-
fer their energy and momentum into the materials, resulting in damage and the 
generation of defects. The latter will reduce the device’s performance for materials 
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that are part of PSCs. PSCs for space applications should therefore combine high 
performance with outstanding radiation resistance. The first work that reported the 
radiation tolerance of perovskites was one of Miyazawa et al. [119], who exposed 
an MA-based PSC against high-flux electron (1 MeV) and proton (150 keV) beams. 
No significant changes were measured in the PSCs’ performance, skyrocketing the 
scientific community’s interest in exploring the tolerance of other perovskite com-
positions under space conditions. Generally, radiation defects can be created that 
operate as majority carrier traps or minority carrier recombination centers under the 
impact of electron beams. However, high-energy particle beams, e.g., an electron 
beam with an energy of 1 MeV, cannot damage the PSC since it can penetrate all the 
cells’ layers and accumulate at the substrate. However, these high particle beams 
generate UV-type radiation (Cerenkov radiation) that can be reflected from the 
metal electrode resulting in lower-energy electrons that can degrade the active layer 
[120]. For example, according to Huang et al. [121], a 10% degradation in device 
performance was reported when an electron beam of 1  MeV at the dose up to 
1016  cm−2 bombarded an ITO/TiO2/FAPbI3/Spiro-OMeTAD/Ag PSC. Besides 
energy, the dose is also an important parameter affecting the PSC’s stability against 
high-particle beams. The demonstrated perovskites show superior stability with 
dosage compared to popular materials like Si and GaAs that undergo degradation at 
lower doses (up to 1015 p cm−2). Excellent electron beam hardness was also shown 
by other perovskite constructions like MAPbI3 and MA0.7FA0.3PbI3. No significant 
variation of the PCE was observed after the illumination of a MAPbI3 solar cell due 
to a counterbalancing effect of lowering fill factor and the increase of Jsc after the 
electron beam illumination.

The work done by J.Ran et  al. [122] summarizes that a high-energy electron 
beam can potentially induce (a) heating defects and (b) heating-induced phase 
transformations. The radiation tolerance of the PSCs was also investigated against 
proton irradiation (mainly existing in low Earth orbit of outer space), where parti-
cles of 2000 times more mass than an electron are expected to induce more exten-
sive damage. Protons with energies close to 1 MeV have high stopping power and 
can cause severe damage to electronic devices. In general, it has been observed that 
high-energy proton beams (20–68 MeV) do not degrade the performance of PSC 
due to the degradation of the active layer. One of the possible reasons is the penetra-
tion of high-energy beams through the active layer without causing substantial col-
lision events. In the case of MAPbI3-based solar cells [123], a proton beam of 
68 MeV at an accumulative dose rate of 1013 p cm−2 led to increased values in Voc 
and FF (related to the active layer and the charge collection efficiency). Iodine atom 
displacement was observed by studying their recombination kinetics under high-
energy proton atom illumination (10, 20, and 68 MeV) as a function of the proton’s 
beam energy and dose [124]. As a result of iodine atom displacement, recombina-
tion centers (which appeared as sub-bandgap states) were built, leading to the deg-
radation of the perovskite semiconductor. In the case of low-energy proton beams 
(50 keV), simulation work done by Miyazawa et al. [119] showed that for doses up 
to 1015 p cm−2, the PSCs retained 50% of power conversion efficiency. It is an 
encouraging result compared to other solar cell technologies (Si, CIGS, and GaAs) 
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that did not survive under harsh conditions. This outstanding tolerance is attributed 
to the physical and electronic properties of the perovskite: long carrier diffusion 
length and excellent defect tolerance nature.

Moreover, stability of perovskite against exposure to other high-energy radia-
tions like γ-ray (generated by fusion in the core of a star) has also been studied. This 
hardness level depends on the perovskite composition and accumulation radiation 
dose. More particular, whereas the hybrid perovskite PSCs (Cs0.15FA0.85PbI3 and 
Cs0.1MA0.15FA0.75PbI3) show very poor stability against γ-rays (phase segregation), 
the inorganic PSCs showed excellent tolerance to an extreme γ-dose (1000 kRad) 
[125]. Moreover, the tolerance against γ-rays is superior to those of crystalline sili-
con or glass. The list of key figures of the merits of the radiation detectors that are 
explored for space applications is included in Table 3.

Table 3  Key figures of merits of radiation detectors demonstrated for space applications

Type of Radiation Part of PSC exposed Key Performance Indicator Ref.

Electrons, 1 MeV
Proton, 150 keV

Perovskite light 
absorber: MAPbI3-xClx

No change [119]

Electrons, 1 MeV Perovskite light 
absorber: MA0.7FA0.3 
PbI3-xClx

No change [126]

Electrons, 1 MeV 
(dose: 1016 e/cm2)

Perovskite light 
absorber: MAPbI3

ΔPCE~0% [120]

Proton beam: 
68 MeV, dose at 1013 
pcm−2

Perovskite light 
absorber: MAPbI3

ΔPCE~0% [123]

Proton beam: 10, 20 
and 68 MeV

Perovskite light 
absorber: Triple cation

ΔPCE~0% [124]

γ-Ray (1000 kRad) Perovskite light 
absorber: All 
inorganic
HTL: PEDOT:PSS

No variation of any of the Photovoltaic 
parameters

[125]

Proton beam: 
150 keV, dose 1014 
protons cm−2

HTL: Spiro-OMeTAD Degradation of the chemical structure of 
HTL.

[121]

Electron beam: 
100 keV, 1015 
electrons cm−2

HTL: Spiro-OMeTAD Reduction in conductivity [127]

Protons, 68 MeV, 
1012–1013 protons 
cm−2

Transparent 
conductive electrode: 
Glass

Reduction in Jsc and PCE (10% and 40% 
reduction)

[128]

γ-Ray (2.3 Mrad) Transparent 
conductive electrode: 
Glass

96.8% retained their initial PCE after 
1535 hrs of irradiation—The reduction 
was attributed to glass darkening

[129]

Electrons, 1 MeV
Proton, 150 keV

Transparent 
conductive electrode: 
Glass

Reduction of Jsc [130]
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6.1 � Charge Transport Layers

The charge transport layers (hole transport layer (HTL), electron transport layer 
(ETL)) in PSCs play an important role in their stability against various parameters, 
including radiation experienced under space conditions. Understanding the impact 
of the transport layers’ physical and electrical properties on the long-term stability 
of PSCs against high-energy radiation is essential. One of the most used HTLs in 
PSC is the Spiro-OMeTAD. The device did show degradation when subjected to 
proton radiation of 150 keV and at a dose of 1014 protons/cm2 [121]. More inves-
tigations on the stability of Spiro-OMeTAD against electron beams were carried out 
by Murakami et al. [127]. The observed lowering of conductivity was assigned to 
the bleaching of Li dopant upon electron beam exposure. An alternative HTL, 
P3HT, seems stable with no noticeable material degradation under ionizing radia-
tion exposure [131], More work is required to study the effect of radiation particles 
on other common HTLs (e.g., CuO and CuSCN). γ-Ray radiation of 150, 300, and 
500  Gy doses were applied to the Cs0.15MA0.10FA0.75Pb(Br0.17I0.83)3 perovskite 
absorber that was combined with HTL PEDOT:PSS. The effect of the γ-rays on 
doses up to 500 Gy was negligible to PEDOT:PSS HTL [128]. A thorough assess-
ment of the impact of high-energy radiation in ETL employed in PSCs’ technology 
is highly required.

6.2 � Substrate and Electrode

One of the primary appeals of using PSCs for space application is rooted in a reduced 
payload, i.e., the reduced mass of a solar cell that has to be lifted into space due to 
the PSCs’ higher specific power compared to their conventional counterparts. Thus, 
the fabrication and evaluation of PSCs on lighter, flexible, conductive, and transpar-
ent substrates (e.g., PEN, PET) is an objective. However, most reports testing parti-
cle (e-beams) and radiation (γ-rays) stability of PSCs use rigid substrates, and a 
darkening of the rigid conductive glass is often observed [128]. The negative impact 
of this is lower Jsc and thus reduced PCE. The observed darkening is attributed to the 
formation of extra absorption bands due to the production of structural defects within 
the glass. Incorporating commercially available quartz or cesium-doped glass [121] 
is a solution for excellent radiation stability and low absorption [132].

6.3 � Encapsulation Materials

Encapsulation of PSCs for space applications has been proven one of the most effi-
cient ways to address instability issues due to the high-energy radiation of their vari-
ous building blocks [133]. Soft matter materials with radioprotective properties 
seem to be a very promising way of encapsulation.
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7 � Challenges and Outlook

Metal-halide perovskites with superb optoelectronic and charge transport properties 
have attracted extensive research attention for various emerging energy and opto-
electronic applications. While tremendous progress is achieved in the perovskite 
solar cell technology, the outstanding photophysical properties of these materials 
also enable them to serve as direct as well as indirect (scintillators) radiation detec-
tors for both high-energy photons and charged particle radiation. Compared to tra-
ditional detectors, the advantages of halide perovskites are the widely tunable 
compositions that allow interactions with different types of radiation, the versatile 
and low-cost synthesis for large-scale production, and superior electronic and opti-
cal properties for fast and efficient detection. Ease of integration with other device 
components and better detector characteristics of halide perovskite detectors than 
commercial ones point toward MPL’s bright future for next-generation radiation 
detection applications.

However, high ambient stability, large-area fabrication (commercial digital radi-
ography detectors require an area larger than 1000  cm2), low spectral resolution 
(15% is achieved but required is 0.25% for α-particles), and toxicity are the major 
challenges that need to be resolved in order to introduce perovskite radiation detec-
tors into the commercial market. Some of the current hurdles that are still limiting 
the full potential of perovskite-charged particle radiation detectors are severe ion 
migration, relatively low resistance (107–109 Ω-cm) compared to inorganic semi-
conductors like 4H-SiC (1011 Ω-cm), environmental safety, low device retention, 
and poor ambient stability. Photon radiation detectors share the same challenges as 
those of charged particle detectors. Low dark current, lowest detectable limit, and 
robust material characteristics under high-energy radiation exposure are the extra 
factors that should be considered for photon radiation detectors. In addition, the 
detection efficiencies are also so far still much lower than those of established mate-
rials. Therefore, more efforts are needed to develop practical particle radiation 
detectors using halide perovskites.

Even though their energy resolution is lower than the conventional detectors, 
perovskites have been explored for direct detection of α-particles. Further advance-
ments in material synthesis and device architecture are essential to improve energy 
resolution and detection efficiency. Perovskite crystals with reduced thickness with 
coplanar electrodes might enhance the detector performance for α-particle, whose 
penetration depth is shorter than other radiations. On the contrary, very few 
perovskite systems have been explored for β-particle detection via indirect mode. 
As the detection mechanism of both β-particles and photon radiation is similar, 
where the incident radiation tends to generate secondary electrons, the efficient pho-
ton detector material should work efficiently even for β-particle; thus, the effect of 
electron backscattering needs to be addressed. Advancing perovskite-based high-
energy radiation detectors to detect ionized particles would create tremendous 
opportunities.
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The skyrocketing advancement of PSC technology regarding their photovoltaic 
performance (above 25%), specific power (29.4  W/gr), and operational stability 
(reported operations for more than 10,000 hours, maintain more than 90% of initial 
PCE) drive their potential applicability for space applications. As single devices or 
part of tandem configurations, PSCs appear as an appealing alternative to power 
supply spacecraft and space-based equipment due to their unique and desirable 
properties. Their low cost, high radiation tolerance (more than 1500 h continuous 
operation under γ-rays and light illumination), and compatibility with flexible mate-
rials further boost their use as power suppliers for spacecraft and space equipment. 
However, the PSC technology in space faces some key challenges. The robustness 
and stability against AM0 conditions (extreme temperature cycles, high vacuum, 
solar (mainly due to excess UV radiation), and cosmic radiation) must be improved. 
Special attention needs to be given to the functional materials consisting of the 
active layer (perovskite absorption layer), mainly the transporting layers and the 
electrodes of the PSC. The selection of materials with equal or closer to equal tem-
perature coefficients probably is a possible solution. Introducing interlayers that 
shield the active layer from UV radiation can also boost PSC performance in appli-
cations beyond Earth. The darkening of the glass substrates as a result of its interac-
tion with high-energy particle radiation can be easily solved with the selection of 
quartz substrates. Finally, since one of the figures of merit for space applications is 
the specific power, developing thermally stable flexible substrates is critical to mak-
ing PSCs competitive for space applications.
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Solution Processable Metal-Halide 
Perovskites for Printable and Flexible 
Ionizing Radiation Detectors

Jessie A. Posar, Chwenhaw Liao, Levi Tegg, Anita Ho-Baillie, 
Marco Petasecca, and Matthew J. Griffith

1 � Introduction

Detection of ionizing radiation is one of the foundations of modern society, with 
critical technological applications in medical diagnostics and treatment, space 
exploration, the nuclear energy industry, and border security. However, the rapidly 
increasing use of radiation in recent decades has correlated to higher radiation expo-
sure in the population, with corresponding harmful effects to the health of workers 
and patients. Active monitoring of radiation doses has now become compulsory in 
many countries to instantaneously detect, evaluate, and correct for any deviations 
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from planned exposure events. Current technologies for detecting ionizing radiation 
are composed of thick and mechanically rigid solid-state semiconductors, including 
silicon, selenium, and cadmium telluride; however, these materials are expensive to 
manufacture and cannot be easily fabricated into flexible or large-area sensing 
arrays. While such technologies exhibit excellent performance, they cannot satisfy 
all the demands for real-time monitoring of radiation in complex environments, 
where materials and devices should ideally be portable, lightweight, flexible, and 
with low operating power requirements. New hybrid materials must therefore be 
developed for radiation detection, combining the performance of inorganic semi-
conductors with these other desirable properties (Fig. 1).

Solution-processable alternative materials such as organic semiconductors have 
attracted substantial recent interest for radiation detection due to the appealing pros-
pect of low-cost processing via industrial-scale printing techniques [1, 2]. However, 
the low atomic number of organic materials results in weak radiation attenuation, 
and the unique photophysics of organic materials typically results in poor photon-
to-electronic conversion performance in comparison to inorganic semiconductors. 
Accordingly, there has been substantial recent interest devoted to hybrid organic/
inorganic metal-halide perovskites. These materials couple the performance bene-
fits of inorganic semiconductors (high atomic number elements for strong radiation 
attenuation and high mobility-lifetime products for good electrical performance) 
with the solution state processability of organic semiconductors, thus offering an 
exciting avenue to achieve low-cost flexible X-ray detectors with high perfor-
mance [3].

Fig. 1  Schematic summary of material and device properties for scalable direct ionizing radiation 
detectors
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Despite the impressive radiation detection performances that have been achieved 
with perovskite single-crystal detectors, the research in this arena currently does not 
exploit one of their most significant advantages: the ability to be printed into flexible 
detectors with low-cost processing techniques. Significant gaps in performance still 
exist between perovskite materials and devices fabricated from complex deposition 
techniques on rigid substrates compared to the same materials deposited onto flex-
ible substrates with innovative printing techniques [4]. To fully unlock the potential 
of perovskite materials for flexible radiation detection, a number of innovations are 
still required, including materials and device fabrication protocols suitable for high-
quality crystal formation at low temperature, translation of the precise nanostruc-
tures successfully achieved in controlled laboratory environments to devices 
fabricated with printing techniques across large areas, and demonstration of practi-
cal stability for thin-film flexible devices in demanding environments.

In this work we will review the key material properties of metal-halide perovskites 
for printable ionizing radiation detection, techniques to form them into devices from 
solution, and the breakthroughs enabled by, and challenges remaining for, printable 
perovskites for radiation detection.

2 � Material Considerations for Radiation Detection

2.1 � Tailoring Perovskite Materials 
for Multifunctional Applications

Ionizing radiation sensors require a material that absorbs the incident radiation, 
converts it to free charge carriers, and then outputs an electrical signal. The material 
composition defines the probability of different interaction mechanisms for specific 
radiation sources and energies. During each direct interaction, a certain amount of 
energy is deposited into the material, termed absorbed dose. Charged particles inter-
act through the Coulomb force, depositing energy along their path as defined by the 

stopping power S
dE

dx
NZ� � ~  where NZ is the electron density of the material [5]. 

Photons can interact by transferring all their energy (photoelectric effect), or only 
part of their energy (Compton effect or coherent scattering), to the bound electrons 
of the detecting material [6]. The probability of each interaction is illustrated in the 
inset of Fig. 2, demonstrating the dependence of the interaction probability on the 
energy of the incident photons, E, and the atomic number of the absorbing material, 
Z. Specifically, the photoelectric effect is dominant for the majority of practical ion-
izing radiation energies for high Z materials such as perovskites.

As the interaction probability with ionizing radiation increases exponentially 
with atomic number, the traditional approach to developing direct radiation detec-
tors is to employ high-Z electronic materials. However, this approach becomes more 
complex when considering the wide range of demands from modern applications. 
Wearable and flexible monitoring for dosimetry aims to determine the energy 
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Fig. 2  Attenuation coefficient of materials for radiation detection, including polymers (solid black 
line), silicon (dotted black line), and lead (dotted black line) normalized to soft tissue as a function 
of energy. The inset displays the interaction type between the incident photons and absorbing 
material. Data from the National Institute of Standards and Technology (NIST) database [7]

deposited in a target material to measure radiation exposure in real time and thus 
permit advanced healthcare decisions. However, since the human body is formed 
mostly of water and carbon, it can be extremely complex to calibrate the energy 
deposited in a singular high-Z material into the equivalent response for human tis-
sue. The interaction probabilities of detecting materials with ionizing radiation vary 
with distance from the source, radiation energy, dose rate, temperature, and incident 
angle, meaning multiple calibration factors are required to convert the signals mea-
sured by high-Z materials into the equivalent response from the low-Z human body 
[8, 9]. Figure 2 compares the energy dependence of silicon (Z = 14, ρ = 2.33 g/cm3), 
which exhibits a seven-fold overresponse, and lead (Z = 82, ρ = 11.29 g/cm3), exhib-
iting a 170-fold overresponse, for the relatively low energies typical of medical 
imaging (E < 100 keV) in comparison to the human body when normalized to the 
higher energies typical of space or radiation therapy (E > 1 MeV). This is advanta-
geous for sensors developed for specifically targeted and narrow energy ranges, for 
example, X-ray imaging where high-Z materials increase likelihood of the photo-
electric effect, improving contrast resolution [10]. However, such environments are 
not typical in high-radiation environments where monitoring or dosimetry is usually 
required, such as in outer space, medical clinics, or industrial applications of nuclear 
radiation. Here it is beneficial to use a sensing materials with a similar Z and ρ to 
human tissue, targeting a response independent of energy or other beam proper-
ties [11].
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To accommodate the variation in demands for radiation sensors, a material would 
exhibit a high interaction probability with incident radiation but aim to present a flat 
energy response for widespread use in mixed radiation fields, superior electronic 
performance (defined by the materials ability to convert, transport, and extract free 
charge carriers), while balancing the ability to be developed using simple fabrica-
tion protocols at low manufacturing costs. Ideally, such protocols would have ave-
nues towards depositing pixelated arrays of small detecting volumes onto a range of 
flexible substrates to meet the demand for low-cost and lightweight X-ray sensors 
by acting as a portable and/or wearable electronic for a wide range of applications 
not limited to personal radiation monitoring (for industries including nuclear energy 
and space exploration), border security scanning, curved digital X-ray imagers, and 
in vivo dosimetry.

Many of these requirements for next-gen radiation detectors can be uniquely 
solved with solution processable materials. Solution processability allows materials 
to be combined with a high degree of control to tune the detection properties, form-
ing new electroactive inks that can be cast onto flexible substrates with a variety of 
simple deposition techniques at low temperatures [12]. Such inks have been exten-
sively explored in solar cell research for low-cost manufacturing toward industrial-
scale roll-to-roll printing techniques. Solution processable perovskites are a unique 
class of semiconducting materials that have the potential to maintain crystalline, 
polycrystalline, or nanocrystal structures during solution processable fabrication 
and deposition. The crystalline structure of perovskites facilitates their superior 
mobility, long carrier lifetimes, high carrier diffusion lengths, and low trap density, 
and they are recognized as the top-performing solution processable material in a 
range of applications. Their high-Z composition results in a high interaction proba-
bility with ionizing radiation from extremely thin layers (on the order of hundreds 
of nanometers), and they exhibit high bandgaps attributed to intrinsically superior 
radiation tolerance [13]. Accordingly, the material composition, structure, and 
bandgap of perovskites are key tools that should be considered when tuning detector 
materials for radiation absorption cross sections that are desirable for specific beam 
properties, including source type and energy.

2.2 � Perovskite Materials and Structures

Metal-halide perovskites are a class of materials of the form ABX3, where A is a 
monovalent cation (such as Cs+ or a small organic molecule), B is a divalent metal 
cation (usually Pb2+), and X is the halide anion (usually Cl−, Br−, or I−) [14]. The 
crystal structure of three-dimensional (3D) perovskites can be understood as a net-
work of corner-sharing metal-halide octahedra, as illustrated in Fig. 1 for the aristo-
type Pm3‾m cubic structure [15]. For cubic crystal structures, the unit cell 
dimensions (also known as the lattice parameters, a, b, and c) are equal and the 
angles between them (α, β, and γ) are 90°. Varying A, B, or X will change the unit 
cell dimensions [16], and may also change the crystal symmetry (e.g., a = b ≠ c in 
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a tetragonal structure) [17], or result in completely different structure types [18]. As 
discussed later, the type and arrangement of the atoms in the unit cell dominates the 
valence electronic structure and optical properties [19], so crystallographic charac-
terizations are important for determining structure-property relationships.

Due to their high crystallinity [20], diffraction techniques are ideal for character-
izing the crystal structures of perovskite materials. X-ray diffraction (XRD) is well-
suited for the study of lead-halide perovskites as X-ray scattering intensity generally 
increases with Z2 [21], so data with high signal-to-noise ratio can be obtained even 
with short acquisition times. Changes in the unit cell dimensions or symmetry lead 
to changes in peak positions or the appearance of new peaks. Qualitatively, an 
expansion of a unit cell (i.e., an increase in lattice parameter) will shift peaks to 
lower angles, with high-angle peaks shifting more than low-angle peaks. A reduc-
tion in crystal symmetry will generally result in additional peaks, though for subtle 
distortions (e.g., when a = b ≈ c) the additional peaks may not be easily resolved 
[21, 22]. As an example, Noh et al. studied the methylammonium (CH3NH3

+, MA) 
lead-halide series MAPb(I1–xBrx)3 by varying the anion between Br and I and observ-
ing the change in crystal structure and optical properties [16]. Between x  =  0.2 
(MAPbI2.4Br0.6) and x = 1 (MAPbBr3), the structure is cubic, and the lattice param-
eter decreases linearly with x, following a standard Vegard relationship [23, 24] due 
to the differing ionic radii of the anions. Below x ≤ 0.13 there is a reduction in slope 
of a(x) and a slight broadening of the (020) reflection. However, at x  =  0 (i.e., 
MAPbI3) it becomes clear that this broadening was actually the splitting of the (200) 
peak into two new peaks due to a transition to a tetragonal crystal structure.

For materials containing both low-Z and high-Z elements, such as MAPbI3, the 
X-ray diffraction pattern is not sensitive to the positions of the low-Z elements. 
Neutron diffraction can be used when the crystallographic role of the low-Z ele-
ments is important. Unlike the Z2 scaling for X-ray scattering, the scattering cross 
section for neutrons is essentially random across isotopes [25], meaning low-Z ele-
ments are more easily observed against high-Z ones. Weller et al. illustrate this in 
their method for solving the structure of powdered formamidinium (HC(NH2)2

+, 
FA) lead iodide, FAPbI3 [26]. The neutron powder diffraction pattern was collected, 
and the peak positions were manually indexed (i.e., assigned a Miller index corre-
sponding to a lattice plane [22]) to a cubic unit cell. Accurate measurement of the 
lattice parameters was performed using XRD due to the strong scattering from the 
Pb sites on the cube corners.

X-ray and neutron powder diffraction are well-suited for the in situ or in oper-
ando characterizations of perovskite materials or devices. This permits the study of 
phase changes while a material or device is undergoing synthesis [27, 28], corro-
sion, irradiation [29], or any change in environment. Figure  3 shows diffraction 
patterns from Weller et al. as a sample of powdered MAPbI3 is heated [30]. As the 
temperature is increased from 100 K to 165 K, the peaks shift to lower angles due 
to thermal expansion. At 165 K there is a transition from the orthorhombic to tetrag-
onal structure resulting in a completely different diffraction pattern. As the tempera-
ture continues to increase, the peaks begin to merge as the PbI6 octahedra rotate and 
straighten, before the cubic to tetragonal phase transition occurs at 327 K.
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Fig. 3  In situ neutron powder diffraction data showing the slow heating of MAPbI3. The shade 
corresponds to the intensity at each angle and temperature step, with lighter shades representing 
more counts and dark shades representing fewer counts. Reproduced from [30] under a CC-BY 3.0 
from the Royal Society of Chemistry

The near-valence electronic structure of perovskites determines the radiation 
detection response and is dominated by the geometry and chemistry of the BX6 
octahedra. For lead-halide perovskites such as MAPbBr3, the valence band mainly 
consists of Br 4p states (with some hybridization with Pb 6s) and the conduction 
band of Pb 6p states [31], with the electronic structures of other lead-halide 
perovskites being similar [14]. Exchanging or mixing different ions at the A or X 
sites results in different electrical properties, particularly the energy levels of the 
conduction band minimum (CBM) and valence band maximum (VBM). The differ-
ence between the CBM and the VBM is the bandgap. The CBM, VBM, and bandgap 
of some common lead-halide perovskites are shown in Fig. 4.

Decreasing the mass of the X anions (from I to Br to Cl) increases the energy of 
the CBM. Tao et al. indicate this might be affected by the confinement effect: when 
the Pb–X distance decreases, the orbitals of the Pb atom become more confined, 
which increases their self-energy [32]. Modulating the energy of the VBM is more 
complicated and influenced by three competing effects. First, lighter X anions have 
lower p orbital energy levels due to greater electronegativity, decreasing the overall 
energy of the valence band. Second, the same confinement effect reported by Tao 
et al. causes the Pb 6s atomic level to rise in energy, increasing the VBM. Lastly, the 
increasing hybridization strength between the Pb 6s states and X-site p states simul-
taneously increases the CBM and decreases the VBM.  This also increases the 
bandgap.
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Fig. 4  The band diagram of CsPbX3, MAPbX3, and FAPbX3 (X = Cl, Br, and I). For each bar, the 
lower number represents the VBM, the middle number the bandgap energy, and the upper number 
the CBM. The energy levels were extracted from [32]

Notably, the A cation does not contribute states near the Fermi level, though it 
still influences the electronic structure by modifying the unit cell dimensions or 
symmetry through steric effects. The change to the unit cell in turn affects B-X 
bonding, which modifies the electronic properties [14, 33]. Increasing the A-site 
cation size (from Cs to MA to FA) generally increases the unit cell volume. The 
greater Pb–X distance lowers the Pb 6p orbital energy, lowering the CB energy due 
to the confinement effect. Additionally, the degree of tilting and distortion of the 
PbX6 octahedra reduces the hybridization between Pb and the halide states, reduc-
ing both the VBM and CBM.

Despite spontaneous formation of a 3D morphology, ABX3 perovskite materials 
can also form into 2D (such as nanosheet, microplate) and 1D (nanowire, microw-
ire, microrod) structures. This dimensionality can be achieved by either self-
assembly or geometry design of the components during the crystallization process. 
Zhang et al. report a self-assembled CsPbBr3 nanosheet prepared from low-speed 
centrifugation without using any polar solvents [34]. The material was formed into 
an X-ray scintillator by drop-casting the self-assembled CsPbBr3 nanosheet onto a 
glass substrate and subsequently drying the film at room temperature in ambient 
conditions. The 2D perovskite demonstrated a high light yield (~21,000 photons/
MeV), notably higher than the benchmark commercial Ce:LuAG single-crystal 
scintillator. Wang et  al. demonstrated a wafer-scale perovskite microplate array 
device using a PbI2 seed crystal array coupled with a solution flow chemistry pro-
cess. Chemical vapor deposition was applied to the PbI2 seed crystal arrays to fabri-
cate the 2D MAPbI3 microplate array (Fig.  5a) [35]. The microplate array 
demonstrated direct growth of patterned arrays from solution, thus presenting a 
solution to the challenges of incompatibility of perovskite crystals with typical lith-
ographic processing. The entire crystal growth and device fabrication procedure 
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Fig. 5  Schematic illustration of (a) the procedure of fabricating the MAPbI3 microplate array on 
a patterned substrate. Reproduced from [35] under a CC-BY-NC Copyright © 2015, the authors. 
(b) The controlled dewetting assembly method to prepare a 1D perovskite array. Reproduced from 
[36] with permission from Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

occur below 120 °C and are thus well suited to fabrication of perovskite arrays on 
typical low-cost substrates used for large-area flexible electronic applications, 
including plastics. A related approach to utilizing low-dimensionality perovskites to 
enhance solution processing was reported by Gao et  al., who demonstrated a 
MAPbX3 single-crystal microwire array through modification-free silicon pillars 
(Fig. 5b) [36]. In addition to patterning the detector into pixels using the microw-
ires, the MAPbX3 microwire array demonstrated high-quality crystallinity and a 
continuously tunable bandgap. The 1D arrays exhibited a high photodetector 
responsivity (3.2 × 103 AW−1), with superior performance to perovskite thin films 
due to significant reduction of carrier recombination in the 1D crystalline arrays.

3 � Printing Perovskite Devices

3.1 � Perovskite Film Fabrication Methods

Metal-halide perovskite films can be fabricated into large-scale arrays on flexible 
substrates using low-cost printing and coating solution processing. Numerous depo-
sition techniques have been developed over the years, each targeting unique advan-
tages in the control of various parameters such as uniform thin-film deposition, 
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uniform thick layers, or tunable layer thickness by controlling the deposition param-
eters. At the heart of each technique is the challenge of translating the exquisite 
control of film nanostructure that can be obtained at the laboratory scale with spin 
coating in inert environments through to open atmosphere solution printing and 
coating techniques [12, 37]. In addition to this challenge, the need to develop new 
methods that can upscale materials and fabrication and assessment tools must be 
simultaneously solved, which has proven to be a longstanding challenge in the fab-
rication of photodiodes from printable semiconductors [38–41].

3.2 � Printing Techniques

3.2.1 � Spray Coating

The spray coating technique has been widely applied in organic photovoltaic and 
metal oxide thin-film deposition and provides a promising pathway for low-cost 
scalable perovskite film fabrication. The spray coating system operates via a two-
step procedure, which includes atomizing and deposition systems as shown in 
Fig. 6a. First, an ultrasonic atomizer disperses the perovskite precursor solution into 
tiny droplets. Then, a low-pressure carrier gas, such as N2, ejects these droplets onto 
the substrate through a nozzle. After the solvent is evaporated rapidly, homogenous 
films with tunable thickness can be formed by varying the deposition parameters 
(pressure, precursor concentration) and the duration time. Spray-coated perovskite 
X-ray detectors have exhibited thicknesses from 10 to 100 μm and recently unique 
in situ deposition reached large areas above 10  ×  10  cm2 [42–44]. A significant 
advantage of this technique is that the bottom-up crystal growth process results in 

Fig. 6  The illustrations of different printing techniques, (a) spray coating, (b) blade coating, (c) 
slot-die printing, (d) roll-to-roll printing, and (e) inkjet printing, for perovskite film fabrication
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compact columnar grains with limited grain boundaries in the direction of charge 
collection, enabling improved charge transport and collection in radiation detection 
devices [45, 46]. Spray coating is emerging as a powerful process for next-generation 
industrial-scale translation of perovskite technologies due to its ability to produce 
uniform, thick, and large-area films from a wide range of materials, including 3D 
(CsPbI2Br and MAPbI3), 2D [(PEA)2PbI4], quasi-2D [(PEA)2MA3Pb4I13], and 0D 
(Cs3Sb2I9) perovskites [43, 47].

3.2.2 � Doctor-Blade Coating

Doctor-blading is a simple, cheap, and versatile continuous fabrication technique 
that has been applied extensively to the fabrication of perovskite films for photodi-
ode detectors. This technique operates by spreading the precursor solution across 
the substrate with a blade, which can be moved at various speeds to control the 
thickness of the subsequent films. Typically doctor-blading is suited to highly vis-
cous films and thus has been most frequently applied to fabricating thick active 
layer films (500 μm–1 mm) that are used for high attenuation direct radiation detec-
tors [48]. Following film deposition, a heating process is applied to evaporate the 
solvent and construct a uniform film with the desired nanostructure, as shown in 
Fig. 6b. While doctor-blading has been shown to synthesize devices with areas over 
10 cm2 [49], the blade-coated layer can often incorporate significant porosity due to 
solvent evaporation from a thick film, which in turn limits both the attenuation of 
X-rays and the strength of adhesion of subsequent layers [50]. Attempts to address 
these limitations include a soft-pressing post-treatment of doctor-bladed perovskite 
films used to make a TFT array to remove porosity and improve the dark current and 
device signal-to-noise ratio [51]. The technique has also been used recently to fab-
ricate a series of low-dimensional perovskite materials, including 2D 
(PEA)2MA8Pb9I28 and the 0D material MA3Bi2I9, with results indicating a signifi-
cant reduction in the device dark current due to a suppression of ion migration 
[52, 53].

3.2.3 � Slot-Die Coating

The ability of slot-die coating to create large area devices has been widely demon-
strated in the scalable fabrication of perovskite photovoltaic devices [54, 55]. This 
method involves containing the perovskite precursor ink inside a pressurized vessel, 
with a pump used to force ink out of this reservoir through a thin customized slit 
onto a moving substrate. The film thickness and lateral dimensions are controlled by 
the pump pressure and reservoir exit slits, respectively. The deposition of the pre-
cursor is often followed by a gas-quenching treatment to promote nucleation. This 
technique is a highly promising translation toward roll-to-roll printing given the 
ability to couple the coating procedure with a moving substrate, with previous 
research on printable photodiodes providing a rich suite of information on the 
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ability to obtain constant uniform ink flow by adjusting the angle of the ink reser-
voir, solution pumping velocity, flow rate, and substrate pre-wetting [56, 57]. A 
machined insert known as a meniscus guide can be placed inside the ink reservoir to 
control the coating width at the exit slits, and the distance between the meniscus 
guide and the substrate also determines perovskite layer thickness and pattern integ-
rity. However, unlike the doctor-blade coating, the wet film thickness is determined 
by the flow rate instead of the gap height. Thus, it is crucial to have a continuous 
meniscus for high-quality perovskite films.

3.2.4 � Inkjet Printing

Inkjet printing is a high-resolution digital printing technique based on drop-on-
demand transfer of picoliters of material onto a substrate in an extremely material-
efficient and contactless deposition procedure [58, 59]. A typical inkjet printing 
process is shown in Fig.  6e. This method can be divided into drop-on-demand 
(DOD), continuous inkjet (CIJ), and field- or flow-induced tip streaming (FITS) 
techniques [60]. The DOD printer is the most advanced technology widely used for 
large-area perovskite thin film fabrication. During the inkjet printing process, a 
droplet is generated by mechanical compression through a piezoelectric nozzle. 
Then, an electrically charged droplet is accelerated toward the substrate by an elec-
tric field. The small volume of delivered droplets has seen this technique find strong 
benefits in low temperature (<100 °C) perovskite thin film deposition process on a 
flexible substrate for high-performance X-ray detectors [61–63]. Furthermore, the 
ability of inkjet printing to achieve mask-free patterned perovskite deposition has 
strong potential to create complex device architectures such as folded perovskite 
X-ray detectors, as recently proposed [64].

3.2.5 � Roll-to-Roll Printing

A particularly attractive route for processing perovskite films with large areas at low 
cost is to couple the printing and coating techniques described above with high-
throughput roll-to-roll (R2R) fabrication [65]. Recently, gravure [66], doctor-
blading [67], and slot-die coating [68] methods have been applied in roll-to-roll 
printing to fabricate perovskite photodetector devices. In principle, the addition of 
R2R capabilities to solution processing is simple, consisting of a motorized sub-
strate control with an unwinder reel that feeds the flexible substrate through the 
printing or coating station and a rewinder reel that collects the substrate on another 
reel. In the middle of these two reels, several printing or coating units can be 
mounted, as shown in Fig. 6d. This integrated fabrication process has significantly 
reduced the handling damage and improved the throughput of device fabrication. 
However, in practice there are a substantial number of challenges that must be 
solved in order to enable full R2R fabrication of perovskite films. These include the 
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alteration of thickness of the layers that is introduced by parameters in the R2R 
system, such as the velocity of the substrate feed and its relationship with the print-
ing or coating solution flow rate [69]. Additionally, the tension of the flexible sub-
strate created by the winding and unwinding reels can influence the interactions 
between the substrate and the solution as it is deposited, which has a corresponding 
effect on the uniformity and thickness of the deposited layer [70]. Perhaps one of 
the larger practical challenges of R2R techniques is the trade-off between speed of 
substrate movement and the effective drying time required to cure the perovskite 
film. If the substrate moves too slowly, then a layer deposition becomes uncontrol-
lably thick; however, if it moves too rapidly, then the films transit the drying stations 
too quickly to dry before reaching the rewinder reel [71].

3.3 � Challenges for Printable and Flexible Metal-Halide 
Perovskite Films

Despite steady research progress on materials and device performance at the labora-
tory scale, long-term durability concerns, toxicity issues of both materials and man-
ufacturing process, and a lack of robust high-throughput production technology for 
fabricating efficient large-area modules remain major obstacles toward commercial-
ization of these materials using industrial-scale solution processing techniques [72].

It is important to note that the significant stability issues currently facing conven-
tional lab-scale fabrication of perovskite materials including thermal, oxygen, and 
moisture exposure will remain problematic and likely become more difficult to 
overcome when upscaling due to the limited control levers available during printing 
deposition [73]. Therefore, stability studies on large-area devices will need to be 
extensively explored and understood. Moreover, the printing industry are currently 
focused on transitioning away from the toxic chemical solvents in which many 
perovskite inks are currently formulated, in particular halogenated organic solvents, 
for greener manufacturing processes [74, 75]. A substantial material challenge for 
solution processable perovskites will be their suspension in greener solvents while 
maintaining desirable morphologies once deposited with high device efficiencies.

On the manufacturing side of the equation, although an enormous number of 
high performance perovskite systems continue to be developed in the laboratory, the 
major restrictions on transitioning these materials to low-cost and large-area devices 
remains an inability to control the precise film nanoscale using these printing and 
coating techniques [50]. This can lead to inhomogeneous crystallization across the 
large-area perovskite film resulting in poor charge transport properties [76]. Large-
area perovskite films also suffer from an increase in series resistance [77], requiring 
new device designs to be explored including isolated pixels, subcells, or metal 
grids [72].
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4 � Printable Metal-Halide Perovskites 
for Radiation Detection

The application of printable materials such as perovskites for radiation detection 
has gained significant momentum in recent years [1, 50]. The impact of ionizing 
radiation on perovskite devices, both in terms of performance (sensitivity) and sta-
bility (radiation hardness), is a key parameter that has been the focus of recent 
characterization efforts. This behavior is particularly dependent on photon energy, 
though the vast majority of studies to date have focused on the performance of 
perovskite radiation detectors at low energy. However, due to the emerging applica-
tions in both space and advanced medical treatment protocols, the high energy 
regime is beginning to attract significant attention on the development of novel 
materials for X-ray detection [78, 79].

4.1 � Advances in Radiation Detection Performance

Radiation detection capabilities of perovskites focused on harnessing the excellent 
mobility characteristics and high-Z of thick single crystals perovskites to maximize 
their absorption and detection performance. The highest radiation sensitivity of 
1.22 × 105 μCGy−1 cm−2 was demonstrated with an 800-μm-thick MAPbI3 wafer at 
an operational voltage of 10 V [80]. Ultra-low detectable dose rate limits have also 
been demonstrated with perovskites, as low as 7.6  nGys−1 with a 2-mm-thick 
Cl-doped MAPbBr3 single crystal at −5 V; however, it is important to note that there 
has been some contention regarding the correct determination of the detection limit 
[81, 82]. Perovskite single crystals are mechanically rigid and require complex and 
expensive synthesis procedures that include high-vacuum deposition techniques 
that are not translational to low-cost large-area production onto flexible substrates. 
This section will focus on solution processable perovskites as an innovative solution 
to combine high-performance radiation sensing with large-area and flexible elec-
tronics. To evaluate the potential of these materials, we will expand the figures of 
merits from radiation sensitivity and detection limit to include flexibility, printabil-
ity, and operational voltage. We will also include a discussion of the radiation stabil-
ity of perovskites to evaluate their shelf-life and address concerns regarding their 
radiation damage susceptibility.

The first solution-processed perovskite for X-ray detection was achieved by spin 
coating four layers onto ITO-coated glass using common solar cell interlayers as a 
p-i-n diode structure PEDOT:PSS/MAPbI3/PCBM/ZnO/Ag  structure [42]. Three 
different spin-coated perovskite layers were chosen for this study: 260 nm, 360 nm, 
and 600 nm. The 600-nm-thick device demonstrated a competitive sensitivity of 
25  ×  103 μCGy−1  cm−3 (or 1.5 μCGy−1  cm−2) at short circuit from a 75 kVp 
(<E > ~37 keV) source. Recent work has explored how the material composition of 
the perovskite layer can be optimized to improve the detection performance. 
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Basiricò et al. demonstrated that Cs mixed triple cation perovskites Cs0.05FA0.79MA
0.1Pb(I0.8 Br0.2)3 increased the sensitivity to 3.7 μCGy−1 cm−2 at short circuit and 97 
μCGy−1 cm−2 with a small operational voltage of −0.4 V [83]. The enhanced sensi-
tivity was suggested to be due to differences in the charge transport and collection 
properties of the perovskite layer including an increase in grain size from 60 nm for 
MAPbI3 to 200 nm as shown in Fig. 7a, a longer carrier lifetime, and a decrease in 
the nonradiative surface defects with no differences observed for the radiation 
absorption properties of the two films. The perovskite film thickness in this study 
was tuned to 450 nm, suggesting that while thicker films can absorb a higher per-
centage of incident ionizing radiation, it significantly reduced the charge collection 
and transport within the bulk of the film. This is likely due to poor crystallinity of 
the thicker films during spin coating deposition compared to single-crystal synthesis 
[87]. Bruzzi et al. presented the first investigation of drop-cast CsPbBr3 films for 
medical applications, shown in Fig. 7b, demonstrating clinically acceptable recon-
struction (within 5%) of the dose profile across the treatment field [84]. The authors 
showed that theoretically, perovskites are capable of superior radiation sensitivities 
compared to materials found in commercial radiation sensors like silicon and 

Fig. 7  Small-scale deposition of solution processable perovskites for radiation sensing. (a) 
Comparison of spin-coated deposition of triple cation CsFAMA perovskite and MAPbI3 showing 
differences in the gain sizes (SEM on LHS) and radiation sensitivity (RHS) to a 35 kV Mo source. 
Reproduced from [83] with permission from Copyright © 2019 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim. (b) Picture (LHS) and SEM image (RHS) of a drop-cast CsPbBr3 film devel-
oped for clinical radiation treatment applications. Reproduced from [84] under a CC-BY 4.0 
Copyright © 2022 AIP Publishing LLC. (c) Schematic (top) and microscope image (bottom) of a 
novel 2D PEA2PbBr4 perovskite demonstrating microcrystalline film morphology after spin-
coating deposition. Reproduced from [85] under a CC-BY Copyright © 2021, the authors. 
Advanced Optical Materials published by Wiley-VCH GmbH. (d) Energy response of a 270-nm-
thick spin-coated MAPbI2Cl photovoltaic device from a tungsten-rhenium target compared to 
amorphous silicon. Reproduced from [86] under a CC BY 4.0
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diamond due to their high density and low ionization energy (ease to create electron-
hole pairs). However, experimentally the drop-cast perovskite film was significantly 
lower, reporting a sensitivity per unit area of 1.4 μCGy−1 cm−2 for 6 MV photons. 
The sensitivity was 15-fold higher for single-crystal perovskite films under the same 
conditions, suggesting drop-cast films form highly disordered structures [88]. It is 
obvious from both spin-coated and drop-cast perovskite films studied for radiation 
sensing that lab-scale solution processed deposition techniques result in poor film 
morphology and reduced charge transport properties compared to single crystals. 
Novel strategies to increase film morphology and crystallization of spin-coated or 
drop-cast films have recently been explored, including dissolution-recrystallization 
[89] and intermittent or two-step spin-coating methods [87, 90], which may be an 
advantage for radiation sensing, especially when thicker films are desired to absorb 
a higher percentage of incident ionizing radiation. Low-dimensional perovskites 
have been explored for radiation sensing, which may also mitigate the crystallinity 
issues of spin-coated or drop-cast layers [91]. A recent study demonstrated 2D 
PEA2PbBr3 (PEA = C6H5C2H4NH3

+) formed microcrystalline films after standard 
spin-coating deposition onto flexible PET substrates, as shown in Fig. 7c [85]. The 
crystalline form led to a high radiation sensitivity of 806 μCGy−1 cm−2 and an ultra-
low detection limit of 42 nGys−1 at 150 kVp using a 1.9-μm-thick layer. The device 
was deposited onto flexible PET, showing a promising capacity to conform to com-
plex contours; however, the detector was biased with a high operational voltage of 
80 V, requiring a large power source which is not safe for wearable electronics.

Throughout the literature, only the theoretical X-ray mass attenuation coeffi-
cients across a wide energy range have been referenced to demonstrate superior 
absorption qualities of high-Z materials in perovskite films. It would be valuable to 
experimentally determine the energy dependence of a range of perovskite materials 
to use as a guide to develop a device that exhibits a flat response across a desired 
energy range as achieved with other novel sensing materials [92]. One study pre-
sented an order of magnitude increase in the sensitivity between 40 kVp and 150 
kVp X-ray sources for a 10-μm-thick MAPbI3 film as shown in Fig. 7c, suggesting 
a strong energy dependence for low keV [93]. Another study compared the response 
of a 270-nm-thick MAPbI2Cl between 60 kVp and 150 kVp [86]. When shown as a 
log scale in Fig. 7d, the response follows a similar shape to amorphous silicon, sug-
gesting that if similar overresponse issues occur when compared to high X-ray ener-
gies, further consideration of the material composition of perovskite films will need 
to occur to flatten out the energy response across a desired range.

Scalable deposition techniques have become gradually more studied for 
perovskite radiation sensors for large-area imaging. The first method in 2015 spray 
coated MAPbI3 onto glass substrates with interdigitated electrodes in a photocon-
ductor device configuration [42]. Spray coating allows thicker films (10–100 μm) to 
be deposited as uniform films compared to spin coating. A 60 μm-thick single-
element (non-pixelated) perovskite photoconductor demonstrated well-resolved 
images when scanned across the x–y plane of the field at a 40 V operational voltage 
with the resolution limited to the size of the single cell. For thicker films, large grain 
sizes in the polycrystalline structures must be fabricated to ensure printed perovskite 
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films function efficiently. Kim et  al. demonstrated that printed MAPbI3 films as 
thick as 830 μm with an average grain size of 30 μm via doctor blading exhibited 
optoelectronic characteristics approaching that of single crystals with a μτ product 
in the order of 1 × 10−4 cm2 V−1 [48]. The article optimized the perovskite detector 
by adding additional layers between the contacts (polyimide perovskite composites) 
to lower the dark current to increase the signal-to-noise ratio for high-quality X-ray 
imaging when coupled with a rigid TFT backplane. A single-cell detector was capa-
ble of sensitivities as high as 11 × 103 μCGy−1 cm−2 from an 830-μm-thick film; 
however, it required a large operational bias of 200 V. The sensitivity of the pix-
elated device was lower than the single cell reaching 3.8 × 103 μCGy−1 cm−2, sug-
gested by the authors to result from incomplete charge collection in the gaps between 
the pixels, imperfect device contacts, and insufficient applied bias. In recent years, 
Qian and colleagues produced a 6  ×  6 64  mm2 pixelated in situ spray-coated 
CsPbI2Br 40-μm-thick X-ray detector. The sensitivity from a 50 kV X-ray source 
was ~1.48 × 105 μCGyair

−1 cm−2 with a dose rate limit of 280 nGys−1 at a low opera-
tional voltage of 5 V [43].

Solution processable perovskites can also be deposited onto flexible substrates, 
opening avenues toward wearable technology. Ciavatti et  al. deposited MAPbI3 
nanocrystals onto PEN by bar coating multiple layers on top of the previous film to 
maximize the thickness for high X-ray attenuation while maintaining high unifor-
mity for efficient charge transport [93]. To further improve the optoelectronic per-
formance, PCBM was added on top of the perovskite layer to fill the porous film and 
passivate any surface traps. The flexible single cell exhibited a good performance up 
to an active layer thickness of 10 μm with sensitivities of 494 μCGy−1 cm−2 from a 
150 kVp X-ray source at an operational voltage of 4 V as shown in Fig. 8b. Thicker 
films exhibited high resistivity and electrical instability, unable to extract charges at 
the electrodes across the large bulk film with extremely large dark currents (above 
2 V). The sensitivity was 3.5 times smaller than the same devices on glass sub-
strates, and there was a significant variation in the X-ray performance across all ten 
flexible devices, suggesting that instability and reproducibility issues need to be 
addressed during fabrication. Bending cycles at a radius of 0.63 mm resulted in a 
larger dark current after the first bend, however remained stable with subsequent 
bending; furthermore, the sensitivity remained constant, implying steady X-ray 
monitoring for wearable electronics. Perovskite X-ray detectors have also been 
doctor-bladed onto a flexible pressure-sensitive air-dielectric IGZO TFT backplane 
for innovative two sensing modalities [94]. Guanidinium-doped MAPbI3 was cho-
sen as the X-ray sensing layer for its higher environmental stability, and the authors 
suggested its increased charge carrier lifetime will also benefit X-ray detection [95]. 
The sensitivity to 50 kV X-rays was 6.74 × 103 μCGy−1 cm−2 at 30 V. A 300-μm-thick 
perovskite film was used; however, it demonstrated excellent stability to bending 
after 2000 cycles, suggesting thicker films can be used for flexible sensors.

Inkjet printing has been explored for larger area flexible perovskite X-ray detec-
tors due to its high spatial deposition control and combability with roll-to-roll print-
ing. Mescher et  al. demonstrated that an inkjet-printed single-cell triple cation 
perovskite Cs0.1(FA0.83MA0.17)0.9Pb(Br0.17I0.83)3 could achieve sensitivities as high as 
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Fig. 8  Scalable deposition technique solution processable perovskites for radiation sensing. (a) 
Schematic (LHS) and picture (RHS) of an inkjet-printed array of CsPbBr3 quantum dots deposited 
onto a flexible substrate. Reproduced from [61] with permission from Copyright © 2019 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Highly uniform MAPbI3 film (SEM image top 
RHS) via blade coating deposition (schematic bottom RHS). The image on the LHS presents the 
sensitivity at two radiation energies (40 kVp and 150 kVp) for substrates deposited onto glass and 
flexible PEN. Reproduced from [93] with permission from Copyright © 2021 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. (c) Flexible inkjet-printed triple cation CsFAMAPb(BrI)3 
perovskite (LHS) used to image a pneumatic connector with a single pixel under 70 kVp X-ray 
radiation. Reproduced from [62] with permission from Copyright © 2020 American 
Chemical Society

59.9 μCGy−1 cm−2 with a detection limit of 12 μGy/s to a 70 kVp X-ray source at a 
low operational voltage of 0.1 V, suggesting safe use for wearable electronics [62]. 
The flexible device was scanned under a metal pneumatic connector showing a clear 
X-ray image presented in Fig. 8c. A triple cation perovskite was chosen for a reli-
able translation to large area printing due to their improved stability, reproducibility, 
and high X-ray performances when spin coated [83, 96]. The device exhibited high 
reproducibility after multiple bending cycles stable down to a radius of 6 mm with 
a slight change after a high radius of 3 mm. However, there were still significant 
variations in the X-ray performance across 46 different devices compared to devices 
deposited onto glass. Pixelated and flexible perovskite X-ray detectors have also 
been realized with inkjet printing. Lui et al. developed a pixelated perovskite device 
shown in Fig. 8a from an extremely thin ~20 nm film of CsPbBr3 quantum dots 
reaching extremely high sensitivity per unit area of 17.7 μCGy−1 cm−2 when inkjet 
printed onto PET under synchrotron X-rays between 0.1 keV and 2.5 keV with a 
low operational bias of 0.1 V [61]. The flexible device was bent up to an angle of 
120° showing a 25% reduction in the current. The sensitivity of the flexible device 
was lower than achieved for a rigid substrate under the same conditions at 83 
μCGy−1 cm−2. The ability to pixelate perovskite X-ray sensors while maintaining 

J. A. Posar et al.



159

extremely high X-ray sensitivities from ultra-thin and flexible active layers is 
extremely exciting and unique to the high-Z absorbing materials found in perovskites.

4.2 � Radiation Stability

A majority of the radiation hardness studies for perovskites have focused on changes 
to the optoelectronic characteristics, including power conversion efficiency (PCE), 
external quantum efficiency (EQE), photoluminescence, and transmittance, due to 
their established use as solar cells for novel applications in space environments. 
While this is not directly relatable to their radiation detection performance, these 
metrics do give an insight into the effects of radiation damage on the transport prop-
erties within the perovskite which, we accept in some way, impacts the device per-
formance for radiation sensing. Therefore, the optical properties are still an 
important figure of merit to discuss. Furthermore, many of the studies have explored 
radiation damage for single-crystal perovskites, which needs to be considered when 
comparing to perovskites deposited via solution processable techniques. This dis-
cussion focuses on the radiation hardness to gamma or X-ray irradiation; however, 
it is important to note that the effects investigated for other ionizing radiation 
sources including neutrons, electrons, and protons that are common in space envi-
ronments or innovative radiation treatments have been discussed elsewhere 
[79, 97–99].

Yang et al. demonstrated that Cs0.05FA0.81MA0.14PbI2.55Br0.45 perovskites in a glass/
ITO/PTAA/perovskite/fullerene(C60)/BCP/Cu device structure exhibit extremely 
high radiation hardness [100]. Initial exposure to a 137Cs gamma-ray radiation 
source up to a total irradiation dose (TID) of 75 Gy decreased the PCE by 18% and 
was attributed to a reduction in the diode fill factor. Long-term measurements 
showed extreme stability after the initial decrease, up to a TID of 15 kGy as shown 
in Fig. 9a (left plot). Noise in Fig. 9a (right plot) between a TID of 15 kGy and 
22.5 kGy was the result of radiation damage directly to the copper electrode causing 
physical cracks in the coating. However, the reduced PCE was determined by the 
authors to be due to optical darkening in the glass substrate after irradiation that 
attenuated the 1 sun light source. Applying a correction factor to account for the 
attenuated light, the perovskite was reported to retain 96.8% of the PCE after a TID 
of 22.5 kGy. Xu et al. found that MAPbBr3 exhibits significant defects after expo-
sure up to 16.56 kGy from a Co60 gamma source causing surface morphologies of 
the single crystals to break into smaller pieces as shown in Fig. 9b. Following irra-
diation, the diffraction peak ratios flattened resulting in a reduction of the transmit-
tance and a red shift of the optical bandgap [101]. The authors suggested that the 
observations were a result of changes in the crystal structure from radiation damage 
distorting the lattice. While Boldyreva et al. suggested that for a spin-coated triple 
cation Cs0.05FA0.81MA0.14Pb(Br0.17I0.83)3 perovskite, the increase and redshift of the 
PL after a TID of 500 Gy were due to phase segregation of I- and B-rich domains 
[103]. The authors also commented on the spin-coated interlayers, stating that the 
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Fig. 9  Radiation damage studies of perovskites. (a) J–V curves under a solar sun simulator for a 
CFAMAPbIBr device before and after 15 kGy from a 137Cs irradiation source. Reproduced from 
[100] with permission from Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. (b) SEM images of CH3NH3PbBr3 single crystal (i) before and following, (ii) 11.04 kGy, 
(iii) 16.56 kGy irradiation from a high-dose rate 60Co source. Reproduced from [101] with permis-
sion from Copyright © 2022 Elsevier B.V. c) Power conversion efficiency under a solar sun simu-
lator for MAPbI3, MAPbBr3, Cs0.15FA0.85PbI3, Cs0.10MA0.15FA0.75PbI3, CsPbI3, and CsPbBr3 devices 
following 2.5 kGy and 10 kGy from a 137Cs irradiation source normalized to pristine conditions. 
Reproduced from [102] with permission from Copyright © 2020 American Chemical Society

addition of PCBM did not stabilize the perovskite layer to radiation damage, show-
ing a 40% reduction in the PCE attributed mainly to a 39% loss in photocurrent 
(compared to a photocurrent loss of 28% without PCBM), as confirmed by other 
works [104].

The observable changes in the electronic characteristics are valuable to gain an 
overall estimation of the working lifetime of devices; however, a fundamental 
explanation of the radiation-induced modifications is ideal to understand and ulti-
mately model radiation damage in novel materials. A model would facilitate 
researchers to optimize their active layer composition to achieve high radiation 
hardness under a specific radiation source and energy, while balancing performance, 
as has been achieved previously for optical photodetectors [105]. There are some 
limited studies that have explored the microscopic reasoning for the radiation effects 
in perovskites. One group reported the appearance of a second Pb peak on the Pb 
4f7/2 spectra under a 10 kV source during XPS measurements after a TID of 5.8 kGy. 
The amplitude of the second peak continued to rise after each scan up to a TID of 
29 kGy, where the peak was identified to be the formation of metallic Pb from 10% 
of the Pb in a MAPbBr3 single crystal [106]. However, Boldyreva et al. found that 
spin-coated triple cation perovskite films did not produce any additional peaks at a 
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TID of 5 kGy [103]. The authors only commented on a slight broadening of the Pb 
4f7/2 peak that may be attributed to radiation-induced gradients in the material com-
position, not the formation of metallic Pb, and concluded that triple cation 
perovskites are more resistant to radiation. Other works at lower TIDs have also not 
found evidence of metallic Pb [107].

Boldyreva et  al. in another work found that the composition of spin-coated 
perovskite determines the radiation hardness and the ability to “self-heal” [102]. 
The work explored the effects of radiation damage to MAPbI3, MAPbBr3, 
Cs0.15FA0.85PbI3, Cs0.10MA0.15FA0.75PbI3, CsPbI3, and CsPbBr3 as solar cells after 
exposure to a 137Cs gamma-ray source as shown in Fig. 9c. MAPbI3 exhibited the 
greatest radiation hardness after a TID of 10 kGy, with no changes in the diode fill 
factor or open-circuit voltage and a slight decrease in the photocurrent and PCE due 
to the darkening of the glass following irradiation. On the other hand, Cs0.15FA0.85PbI3 
and Cs0.10MA0.15FA0.75PbI3 were the least stable, with a PCE loss of approximately 
50% and 75%, respectively. The authors suggested that the superior radiation stabil-
ity of MAPbI3 was due to a gas-phase chemistry that promotes self-healing. Self-
healing, or performance recovery of perovskites following exposure to ionizing 
radiation, has been suggested in multiple works [100, 101, 107, 108]. Yang et al. 
outlined that self-healing was due to displaced ions from the incident radiation sim-
ply migrating back to their lattice position after irradiation has ceased because of the 
thermodynamically lower energy level of the sites [100]. Armaroli et al. associated 
the recovery of MAPbBr3 to environmental oxygen and water filling Br vacancies 
[107]. The authors suggest that the filling reverses the effects of these radiation-
induced vacancies that, when left unoccupied, create large polarons through the 
coupling of photogenerated carriers and phonons.

A few studies have investigated the radiation detection performance of perovskites 
following irradiation, demonstrating high reproducibility after the multiple radia-
tion cycles required for accurate dosimetry [83, 84, 101]. Small TID up to 4 Gy 
found no change in sensitivity from Cs0.1(FA0.83MA0.17)0.9Pb(Br0.17I0.83)3 perovskites, 
suggesting reliable use for low-dose imaging. Exposure to larger TID that X-ray 
sensors will experience in harsher environments for applications including radio-
therapy treatments observed an increase in the radiation sensitivity by an order of 
magnitude after 5.52 kGy. The changes were attributed to material decomposition 
and seal-healing of the perovskite [101]. However, a twofold increase in the dark 
current was also observed, which will affect the detection limit of the devices, 
thereby restricting the application in low-dose imaging.

These studies have outlined that perovskite samples exhibit reasonable radiation 
tolerance to low energies  for low-dose X-ray imaging. However, the findings of 
gamma-ray-induced changes to perovskites from high doses do not provide a par-
ticularly clear outcome. The development of a radiation damage mechanism for 
high-dose exposures is required to allow researchers to manipulate the material for-
mulation and morphology to enhance the radiation tolerance of perovskite X-ray 
detectors.
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5 � Conclusion and Outlook

The extensive research efforts in perovskite photodetector materials have seen a 
recent transition to the application radiation detectors. Increasing exposure to high 
levels of radiation from emerging applications in space, personal dosimetry, and 
medicine has led to a drive for more efficient and low-cost materials capable of 
monitoring and measuring these increased radiation doses. In this chapter we have 
described the key material physics of perovskites under ionizing radiation beams, 
discussing first the material innovations to improve detector performance and then 
outlining the key printing and coating techniques that can translate these materials 
to industrially relevant devices before finishing with an overview of the current 
status of solution processed radiation detection devices. Innovative synthesis strate-
gies for perovskite structures continue to be developed at a rapid pace to combine 
the high performance of crystalline structures with mechanically flexible substrates 
that may increase their compatibility with printing techniques.

Although these materials exhibit excellent performance and compatibility with 
R2R printing and coating techniques, a considerable gap remains with respect to 
optimizing material performance and nanostructure using large-scale fabrication 
techniques in order to enhance their responsiveness and stability to all types of 
radiation sources. Controlling the nanoscale morphology of perovskite films has 
been shown to be essential in the creation of high-performance radiation detectors, 
with substantial further work required in order to translate the high precision labora-
tory fabrication procedures into the large-scale printed fabrication arena where the 
length scales rapidly increase and temperature, atmospheric composition, and other 
similar variables become far less controlled. Unlocking new printing fabrication 
procedures for these solution processable perovskite materials provides an avenue 
toward upscaled low-cost manufacture of radiation detectors using roll-to-roll 
machinery, which is an exciting prospect for future industrial translation of these 
technologies.
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Two-Dimensional Halide Perovskites 
for Radiation Detection

Bao Xiao and Yadong Xu

1 � Introduction

The demand for large-volume radiation detectors based on scintillation and semi-
conductor materials has triggered tremendous opportunities in the field of astron-
omy, high energy physics, nuclear medicine, nondestructive inspection, national 
security, etc. [1–3]. Depending on the detection modes, the radiation detectors can 
be classified into direct detection by solid-state semiconductors and indirect detec-
tion by scintillators. The former detectors directly convert photons to electrons by 
the semiconductor materials that are sensitive to high-energy radiation, while the 
scintillation detectors firstly convert high-energy radiation to ultraviolet or visible 
light, which can further be detected by the arrayed photodetectors.

Generally, radiation detector materials need to fulfill simultaneously several 
desirable properties. The direct detection semiconductor materials should possess a 
suitable bandgap (Eg), high resistivity (ρ), high average atomic number (Z), high 
mobility-lifetime product (μτ), etc., whereas scintillation detectors should have the 
traits of high light yield, long-term stability, and high energy resolution. On this 
premise, current semiconductor detectors are mainly based on CdTe, TlBr, α-HgI2, 
and Cd0.9Zn0.1Te (CZT) [4–8], and the most commercially used scintillators are bulk 
crystals of NaI:Tl and CsI:Tl [9, 10]. However, each suffers from unsolved issues 
associated with the crystal growth, device operation conditions, or the manufactur-
ing cost, which limits there widespread development [11]. Therefore, the quest for 
new detection materials is required in the field of high-energy radiation detection.
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Recently, the rapidly expanding class of halide perovskites have emerged as 
promising candidates for radiation detection materials, owing to their high attenua-
tion coefficient, long carrier diffusion length and lifetime, and large mobility-
lifetime product [12–14]. Compared to the degradation of the three-dimensional 
(3D) halide perovskite devices for long-term operations resulting from the poor air 
stability and ionic migration, two-dimensional (2D) halide perovskites present 
remarkable environmental and device stability and large Stokes shifts coupled with 
very broad emission, making it suitable as radiation detection materials [15, 16]. 
Therefore, this book chapter aims to summarize the recent research progress of 2D 
halide perovskite single crystals as X-ray detectors and then briefly talk about 2D 
halide perovskite scintillators applied in α-, β-particles, X-, and γ-ray detection.

2 � Crystal Structure of 2D Halide Perovskites

Halide perovskites with the empirical formula of ABX3 (A  =  Cs+, MA+, FA+; 
B = Sn2+, Pb2+, Ge2+; X = Cl−, Br−, I−) are classified as 3D perovskite, in which BX6 
octahedra are corner-shared along three octahedral axes. However, the perovskites 
can be cut into slices from the 3D structure to a lower-dimensional layered configu-
ration, all the way down to eventually isolated, zero-dimensional (0D) BX6 octahe-
dral clusters [17]. As the dimensional reduction of perovskites structure, the size 
restrictions, as outlined by the tolerance factor for the 3D structures, are gradually 
lifted. The layered 2D perovskites organized from BX6 octahedra connected along 
two octahedral axes can be derived by slicing the 3D perovskites along the <100>, 
<110>, or <111> crystallographic planes and then inserting larger spacer cations to 
produce <100>-oriented, <110>-oriented, and <111>-oriented 2D perovskites, as 
shown in Fig. 1. The number of perovskite (inorganic) layers in 2D perovskites can 
be controlled by adjusting the stoichiometric ratio between A-site cations and larger 
spacer cations A′.

Among the three classifications, the <100>-oriented perovskites are the most 
widely investigated 2D layered perovskites, which can be further divided into 
Ruddlesden-Popper (RP) phase, Dion-Jacobson (DJ) phase, and alternating cations 
in the interlayer (ACI) phase depending on the larger spacer cations, with the 
general formulas of A′2An−1BnX3n  +  1, A′′An−1BnX3n  +  1, and A′AnBnX3n  +  1, respec-
tively. The spacer layer in RP perovskites is composed of two layers of monoam-
monium cations, which are bound to the inorganic layers from one side by hydrogen 
bonds (N–H∙∙∙X) between the ammonium groups and halide anions [18]. The adja-
cent inorganic octahedral layer misaligned by half an octahedral unit, showing a 
(1/2, 1/2) in-plane displacement [19]. However, for the DJ perovskites, the mono-
ammonium cations in the organic layer are replaced by the diammonium cations 
that contain two amino groups at both ends connecting to the inorganic layers by 
hydrogen bonds (N–H∙∙∙X) [20], which leads to an eclipsed stacking of the adjacent 
inorganic layers exactly on top of each other with non-displacement (0, 0) [19]. The 
adjacent inorganic layers in ACI perovskites are eclipsed looking from a (or b) 
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Fig. 1  Schematic representation of different families of layered perovskites: (a) <100>-oriented 
2D perovskites with a general formula of A′2An−1BnX3n + 1, (b) <110>-oriented 2D perovskites 
with a general formula of A′2AmBmX3m + 2, (c) <111>-oriented 2D perovskites with a general for-
mula of A′2Aq−1BqX3q + 3 [24]. Reprinted with permission from Ref. [24]. Copyright 2016 American 
Chemical Society

direction, but staggered from b (or a) direction, leading to a (0, 1/2) or (1/2, 0) dis-
placement [19]. Moreover, the A-site cation exists not only inside the octahedral 
cage but also between the layers alternating with larger organic cation (A′). To date, 
only the guanidinium cation can template this type of structure [21].

Compared to 3D halide perovskites, the interchangeability of the large organic 
cations (A′) and the control of layer dimensionality (n) offer 2D layered perovskites 
with greater structure tenability and further exhibit flexibility physical and optoelec-
tronic properties, enabling them applied in various optoelectronic devices such as 
solar cells, light-emitting diodes (LED), radiation detectors, etc. [22, 23].

3 � Advances in the Development of 2D Halide Perovskites 
X-Ray Direct Detectors

As mentioned above, the flexibility physical and optoelectronic properties of 2D 
halide perovskites enable them as promising candidates for radiation detectors, 
especially as X-ray detectors. In this section, the key parameters for X-ray direct 
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detection and the advances in the development of 2D halide perovskites X-ray direct 
detectors are systematically summarized.

3.1 � The Key Parameters for X-Ray Direct Detectors

The performance of X-ray detector is largely limited by the properties of the X-ray 
absorber materials, which play vital roles in the processes of X-ray absorption, 
electron-hole pair generation, and transport. This section is aimed to introduce some 
key parameters for choosing X-ray detector materials and evaluating the X-ray 
detection performance.

	(1)	 The Selection of Perovskites for X-Ray Detectors.

Stopping Power  The stopping power is defined as the capability of a given mate-
rial to completely absorb X-ray, which is usually quantified by the X-ray attenuation 
ratio (ε):
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where x is the material thickness and μ is the attenuation coefficient of the material, 
which is proportional to Z4/E3 (where Z is the atomic number and E is the X-ray 
photon energy). Thus, halide perovskite materials with high-Z elements enable 
them as ideal X-ray detector materials.

Ionization Energy  The ionization energy (W±) is defined as the energy required of 
the given material absorbing the X-ray to produce one free electron-hole pair, which 
is proportional to the energy bandgap (Eg) of the given material, and can be written 
as [25]:

	
W Eg� � �2 1 43.

	 (2)

Obviously, the narrower bandgap would result in a lower ionization energy (W±), 
which is beneficial for the production of electron-hole pair in a given halide 
perovskite material. However, the perovskites with small bandgap also bring a large 
dark current and high noise. Therefore, suitable bandgap is necessary for halide 
perovskites operated as X-ray detectors [26].

Mobility-Lifetime Product  The mobility-lifetime product (μτ) is used to estimate 
the ability of charge carriers to drift before recombination in a given material and 
can be derived by the modified Hecht equation [27]:
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where I and I0 are the measured photocurrent and saturated photocurrent, respec-
tively. L is the material thickness, V is the applied bias, and s is the surface recom-
bination velocity. Thus, high μτ product directly determines the charge collection 
efficiency of given halide perovskites, which is essential to enhance the X-ray 
sensitivity.

	(2)	 The Key Performance Parameters for X-Ray Detectors.

Sensitivity  Sensitivity (S) is a key parameter for X-ray detectors, which reflects the 
ability of a detector to convert incident X-ray photons into current signals, and can 
be estimated by [28]:

	
S

I I

A D
p d�
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where Ip and Id are the measured photocurrent and dark current, respectively. A is the 
effective area of X-ray detector and D is the dose rate. Therefore, X-ray detectors 
with high sensitivity can generate large current signals at a low dose rate, which is 
beneficial for reducing the risk of ionizing radiation [29].

Detection Limit  The detection limit is another critical parameter for X-ray detec-
tors, which determines the lowest detectable X-ray dose rate. The International 
Union of Pure and Applied Chemistry (IU-PAC) defines the detection limit as the 
equivalent dose rate to produce a signal greater than three times the noise level, so 
the signal-to-noise ratio (SNR) of 3 is used to define the detection limit in X-ray 
detectors [30]. Generally, the SNR can be calculated by:
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where Isignal and Inoise are the signal current and noise current, whereas Ip and Id are 
the average photocurrent and dark current, respectively. A low detection limit not 
only allows for a reduced dose rate for X-ray examination, which significantly sup-
presses the risk of cancer, but also favors of high-resolution images acquisition.

Response Speed  Response speed is defined as the time taken for the detector to 
respond to an external stimulus of detector, which is highly dependent on the carrier 
transport and collection processes in the detector. Therefore, the rise time (τr, the 
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time required for the current rising from 10% to 90% of the saturated photocurrent) 
and fall time (τf, the time required for the current falling from 90% to 10% of the 
saturated photocurrent) are often adopted to estimate the response capability of the 
detector. It is significant the X-ray detector should possess short response time, 
which can shorten the X-ray exposure time and enable higher frame rate during 
imaging [31].

3.2 � 2D Halide Perovskites X-Ray Direct Detectors

Currently, 3D halide perovskites, possessing high attenuation coefficient, long car-
rier diffusion length and lifetime, and large mobility-lifetime product, have shown 
great potential for direct X-ray detectors. However, their inherent stability (mois-
ture, light, heat, etc.) and operational stability hinder the further applications of 3D 
halide perovskites in X-ray detection. 2D halide perovskites generally possess sup-
pressed ion migration along with intrinsic chemical and moisture stability, showing 
more promising X-ray detection performance.

In 2019, 2D layered (NH4)3Bi2I9 perovskite single crystal has been proposed as 
X-ray direct detectors, which exhibits a unique anisotropic detection performance 
mainly ascribed to its anisotropic structure. For example, the μτ product for the 
direction parallel to the cleavage (001) surface is 1.1  ×  10−2  cm2∙V−1, which is 
almost three times than that of the direction perpendicular to (001) plane of 
4.0 × 10−3 cm2∙V−1. Consequently, the resulting parallel direction (NH4)3Bi2I9 detec-
tor exhibits a much higher X-ray sensitivity of 8.2 × 103 μC∙Gy−1∙cm−2 than the 
perpendicular direction detector of 803 μC∙Gy−1∙cm−2 due to charge transport and 
collection anisotropy, as shown in Fig. 2a–c. However, the perpendicular direction 
(NH4)3Bi2I9 detector exhibits a much lower X-ray detection limit of 55 nGy∙s−1 than 
the parallel direction detector of 210 nGy∙s−1, ascribed to the suppressed ion migra-
tion. Moreover, both parallel and perpendicular (NH4)3Bi2I9 X-ray detectors show 
an excellent operational stability under continuous working biases on a 10-h scale. 
It is highlighted that the anisotropic X-ray detection property enables (NH4)3Bi2I9 
X-ray detector to be utilized in different practical conditions [32]. Then, centimeter-
size all-inorganic 2D perovskite Cs3Bi2I6Br3 have been reported for X-ray detection, 
which shows a high sensitivity of 3194.59 μC∙Gy−1∙cm−2, much higher than its 0D 
counterpart Cs3Bi2I9 of 707.81 μC∙Gy−1∙cm−2, ascribed to the enhancement of car-
rier transport (Fig. 2d–e). Moreover, the fabricated Cs3Bi2I6Br3 detector exhibits an 
outstanding operational stability under continuous working at a relatively high elec-
tric field [33]. By the way, both the perovskites (NH4)3Bi2I9 and Cs3Bi2I6Br3 can be 
considered as the derivatives (A′ = A and q = 2, i.e., A3B2X9) by slinging the 3D 
perovskites along the <111> crystallographic planes, resulting in the <111>-ori-
ented 2D perovskites.

In addition, <100>-oriented 2D Ruddlesden-Popper (RP) and Dion-Jacobson 
(DJ) perovskites have recently shown very promising performance in X-ray detec-
tion. For example, the insulating butylamine (BA) organic cation has been 
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Fig. 2  (a) Illustration of parallel and perpendicular device structure of (NH4)3Bi2I9. (b) X-ray 
sensitivities of the (NH4)3Bi2I9 devices in direction parallel and perpendicular to the (001) surface. 
(c) Anisotropic X-ray photocurrent densities at different dose rates under pristine conditions (solid 
lines) and after 60 days of ambient air aging (dotted lines) [32]. Reprinted with permission from 
Ref. [32]. Copyright 2019 Springer Nature. (d) Schematic assumption of the carrier transport path 
in Cs3Bi2I9 and Cs3Bi2I6Br3. (e) Electric field-dependent extracted X-ray sensitivities of Cs3Bi2I9 
and Cs3Bi2I6Br3 at 600 V [33]. Reprinted with permission from Ref. [33]. Copyright 2022 Elsevier

introduced into Cs2AgBiBr6 to generate a 2D layered RP perovskite (BA)2CsAgBiBr7, 
which could serve as the potential X-ray direct detector. The 2D (BA)2CsAgBiBr7 
single crystal possesses a high resistivity of 1.5 × 1011 Ω∙cm and large μτ product up 
to 1.21 × 10−3 cm2∙V−1, which enables the fabricated detector to yield a superior 
X-sensitivity of 4.2 μC∙Gy−1∙cm−2 [34]  (Fig. 3a–c). Then, Wei et  al. found that 
introducing electron-deficient F atoms with neighbor benzene rings could enhance 
the supramolecular electrostatic interaction as supramolecular anchor, leading to a 
2D RP perovskite 4-fluorophenethylammonium lead iodide (F-PEA)2PbI4. The fab-
ricated (F-PEA)2PbI4 single-crystal detector yields an X-ray sensitivity of 3402 
μC∙Gy−1∙cm−2 to 120 keVp hard X-ray with lowest detectable X-ray dose rate of 23 
nGy∙s−1. Moreover, the detector also exhibits excellent operation stability under 
ambient condition at 200 V high bias, showing stable response to hard X-ray pulses 
with no signal-to-noise ratio loss after over 1-month storage [35] (Fig. 3d–e).

The natural multiple quantum well (MQW) structure enables 2D RP perovskites 
with anisotropic X-ray detection performance. For example, the detector based on 
2D (BA)2CsPb2Br7 single crystal along ab plane exhibited superior X-ray sensitivity 
up to 13.26 mC∙Gy−1∙cm−2 at a relatively low electric field of 2.53 V mm−1, while 
lower than 20 μC∙Gy−1∙cm−2 along c direction even at a pretty high electric field of 
70 V mm−1 under the same irradiation of 40 kVp. However, the anisotropic detec-
tion performance could be adjusted by shortening the spacer cation from butyl-
amine (BA) to isobutylamine (i-BA) to reduce the interlayer distance and barrier 
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Fig. 3  (a) Photograph and crystal structure of (BA)2CsAgBiBr7. (b) Photoconductivity of single-
crystalline (BA)2CsAgBiBr7. (c) X-ray response of (BA)2CsAgBiBr7 detector with varied dose rate 
[34]. Reprinted with permission from Ref. [34]. Copyright 2019 Wiley-VCH. (d) The crystal struc-
ture of (F-PEA)2PbI4, where electron-deficient F atoms form supramolecular electrostatic interac-
tion with neighbor benzene rings. (e) The current density of (F-PEA)2PbI4 single-crystal device at 
different X-ray dose rates [35]. Reprinted with permission from Ref. [35]. Copyright 2020 Wiley-
VCH. (f) Schematic diagram of charge transport restriction along the c direction in 2D perovskites 
(BA)2CsPb2Br7 and (i-BA)2CsPb2Br7. (g) Electric field-dependent X-ray sensitivities of 
(BA)2CsPb2Br7 and (i-BA)2CsPb2Br7 crystal detectors along the ab plane and c direction, respec-
tively [36]. Reprinted with permission from Ref. [36]. Copyright 2021 Royal Society of Chemistry. 
(h) The crystal structure of (BDA)CsPb2Br7. (i) Dose rate-dependent current densities of (BDA)
CsPb2Br7 detector under various biases [38]. Reprinted with permission from Ref. [38]. Copyright 
2022 American Chemical Society

height, which resulted in lower X-ray sensitivity along ab plane and higher c direc-
tion X-ray sensitivity in 2D RP perovskite (i-BA)2CsPb2Br7 [36] (Fig. 3f–g).

Furthermore, compared with the 2D RP perovskites, 2D Dion-Jacobson (DJ) 
perovskites have exhibited improved stability and electrical properties. The diam-
monium cations (NH3C4H8NH3

2+, BDA2+) have been employed to form a 2D DJ 
perovskite BDAPbI4, which also exhibits an excellent sensitivity of 242 
μC∙Gy−1∙cm−2 under the 10 V bias with a detection limit as low as 430 nGy∙s−1 [37]. 
Moreover, the diammonium cations (BDA2+) have also been introduced to CsPbBr3 
to obtain a novel 2D DJ perovskite (BDA)CsPb2Br7, which enables the resulting 
detector along the out-of-plane direction to achieve a high X-ray sensitivity of 725.5 
μC∙Gy−1∙cm−2 with excellent working stability [38] (Fig. 3h–i).
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4 � 2D Halide Perovskite Semiconductor for Alpha 
Particle Detection

For the high-energy alpha particles (~3–7 MeV), the direct radiation detectors usu-
ally work in voltage mode, since the particle flux is relatively weak and alpha parti-
cles will come into the detector one by one with a shallow penetration depth. 
However, alpha particle is still destructive ionizing radiation, and it is very important 
for developing high-performance detectors for alpha particle detection. Recently, Xu 
et al. have developed a novel alpha detector based on a 2D DJ perovskite (BDA)
CsPb2Br7 single crystal (inset in Fig. 4b). Then, a 5.48 MeV 241Am α-particle source 
was adopted to analyze the radiation detection performance of resulting Au/(BDA)
CsPb2Br7/Au device, as shown in Fig. 4a. A voltage-dependent energy spectra of 
(BDA)CsPb2Br7 detector with the bias changing from −100 V to −300 V can be seen 
in Fig. 4c. Specially, a superior energy resolution of 37% (FWHM) was achieved at 
−260 V bias (inset in Fig. 4c). The hole mobility-lifetime product (μτ)h could be 
evaluated using the single charge carrier approximation Hecht equation [39]:
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Therefore, the hole mobility-lifetime product (μτ)h of (BDA)CsPb2Br7 crystal was 
calculated to be (2.33 ± 0.08) × 10−5 cm2∙V−1 by fitting the peak centroid channel 
vs. the bias voltage using Eq. (3), as shown in Fig. 4d [38]. The results suggest that 
the 2D DJ perovskite (BDA)CsPb2Br7 could serve as the potential alpha particle-
detecting material.

Fig. 4  (a) Hole transport process in Au/(BDA)CsPb2Br7/Au device illuminated by 241Am 
α-particles. (b) The typical I-V curve of (BDA)CsPb2Br7; the inset is the fabricated Au/(BDA)
CsPb2Br7/Au detector. (c) The energy spectra of (BDA)CsPb2Br7 detector under various voltages, 
respectively. The inset is the typical energy spectra under −260 V with a resolution of 37%. (d) 
The hole mobility-lifetime product evaluation of (BDA)CsPb2Br7 according to the Hecht equation 
[38]. Reprinted with permission from Ref. [38]. Copyright 2022 American Chemical Society

Two-Dimensional Halide Perovskites for Radiation Detection



178

5 � Advances in the Development of 2D Halide Perovskite 
Scintillators for Radiation Detection

The scintillation detectors are also capable of detecting high-energy particles or 
photons by indirect detection mode. Generally, the scintillation detectors firstly con-
vert high-energy radiation to ultraviolet or visible light, which can further be 
detected by the arrayed photodetectors. Light yield (LY) and decay time are the 
most important figures of merit for scintillation detectors. LY indicates the number 
of photons that can be converted by the scintillator per photon or particle energy (in 
unit) and can be calculated by:

	

LY
SQ

Eg

� 106

�
	 (7)

where S is the efficiency of the transport of electron-hole pairs to the emission cen-
ter, Q is the luminescence efficiency, and β is usually a constant with a value of 2.5. 
A high LY value indicates the high number of photons emitted from the scintillator 
which leads to a high signal output. It is generally believed that 2D perovskites are 
able to show high scintillation light yield and faster decay due to their higher exci-
ton binding energy (hundreds of meV) [40]. In this section, the advances in the 
development of 2D halide perovskite scintillators are systematically summarized.

5.1 � Alpha Particle Detectors

Developing high-performance detectors for alpha particle is important for environ-
mental safety. Recently, lithium-doped 2D RP perovskite (PEA)2PbBr4 has been 
synthesized for multiple radiation detectors and scintillators for the first time 
(Fig. 5a). With a lithium dopant, the 1:1 Li-doped (PEA)2PbBr4 scintillator demon-
strated a fast decay time of 11 ns and a high scintillation yield light of 11,000 pho-
tons per MeV (Fig.  5b). Figure  5c shows the pulse-height spectra results of the 
Li-doped (PEA)2PbBr4 scintillator using 241Am and 224Cm as the alpha particle 
sources [41].

5.2 � Beta Particle Detectors

Beta particle with a moderate penetrating power is an important signal for surface 
radiative contamination surveillance. In general, the incident β-particles go through 
elastic scattering with nuclei and inelastic scattering with electrons in solids. 
Currently β-particle detectors are mainly based on the organic scintillators, includ-
ing single crystal, liquid, and plastic types, which was limited by the issues of high 
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Fig. 5  (a) Crystal structure of (PEA)2PbBr4. (b) Pulse-height spectra of Li-doped (PEA)2PbBr4 
with Gaussian fitting to extract light yield. (c) Alpha particle pulse-height spectra of Li-doped 
(PEA)2PbBr4 scintillator [41]. Reprinted with permission from Ref. [41]. Copyright 2020 Spring 
Nature. (d) Illustration of the setup of the system for β-particle detection by the 2D perovskite 
scintillator. (e) The scintillation spectra of the 2D perovskite scintillator under different β-particle 
irradiation intensity. (f) The scintillation spectrum under the irradiation activity of 0.1 mCi [42]. 
Reprinted with permission from Ref. [42]. Copyright 2020 Spring Nature

cost, poor irradiation hardness, carcinogenicity, complex fabrication, or thermal 
deterioration.

Recently, a type of β-particle scintillator with good thermotolerance and irradia-
tion hardness based on 2D RP perovskites has been proposed by Zeng et al. A series 
of bulky organic cations in 2D RP perovskite (A)2PbBr4 (A = butylamine, BA; octy-
lamine, OA; stearamine, STA; and dodecylamine, DA) have been explored to 
enhance the capturing of β-particle. Additionally, extrinsic manganese (Mn) dop-
ants were adopted to improve the scintillation performance via serving as emitting 
centers with no self-absorption. Figure 5d shows the setup of the system for the 
β-particle detection by the 2D perovskite scintillator. The resultant 2D perovskite 
scintillator exhibited an effective β-particle detection performance with no function-
ality decay or hysteresis under an accumulated radiation dose of 10 kGy (dose rate 
0.67 kGy∙h−1) and exhibited a low detection limit of 0.1 mCi (Fig. 5e–f) [42].

5.3 � Gamma-Ray Detectors

Gamma-rays, as a form of electromagnetic waves, have the shortest wavelength and 
the highest energy and are usually emitted from atomic nuclei. 2D perovskite scin-
tillator also exhibits good potential as γ-ray detection material. For example, Dang 
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et  al. have investigated the scintillation properties from 11 different 2D organic-
inorganic hybrid perovskites and found that the 3 2D perovskite (PEA)2PbBr4, 
(EDBE)2PbBr4, and (BA)2PbBr4 crystals have the higher light yield. Specially, 
(BA)2PbBr4 scintillator exhibits the highest light yield and 3.7 times greater than 
that of (PEA)2PbBr4 (∼40,000 photons per MeV at RT), as well as being more stable 
from 10 K to 350 K compared to other 2D scintillators. In conjunction with the 
5.3 ns fast decay time, (BA)2PbBr4 scintillator shows the energy resolution as low as 
13% to resolve the 662 keV 137Cs γ-ray, suggesting it can be a potential superior 
scintillator detector. Furthermore, Li-doped (PEA)2PbBr4 scintillator exhibits the 
light yield 2.009 times higher than that of undoped (PEA)2PbBr4 scintillator and 
achieves the best energy resolution of 7.7% at 662 keV from the 137Cs γ-ray source 
for Li-doped (PEA)2PbBr4 scintillator [43, 44].

5.4 � Neutron Detectors

A fast neutron has strong penetration ability through dense and bulky objects, which 
makes it an ideal nondestructive technology for detecting voids, cracks, or other 
defects inside large equipment. Recently, a hydrogen-rich 2D perovskite 
Mn-(C18H37NH3)2PbBr4 (Mn-STA2PbBr4) has been demonstrated as fast neutron 
scintillator detector, where the hydrogen-rich long-chain organic amine ions lead to 
a high capturing efficiency of fast neutrons, and the Mn2+ dopants as the emitting 
centers improve the optical performance with no self-absorption (Fig. 6d). The fab-
ricated large-area self-standing fast neutron scintillator plates based on 2D perovskite 
Mn-STA2PbBr4 deliver high light yields and good spatial resolution (0.5 lp/mm (lp, 
line pairs)), as shown in Fig. 6e–i [45]. The results open up a new route for the 
design of fast neutron scintillator materials and promote the development of fast 
neutron radiography-based nondestructive testing technologies.

6 � Conclusion

In summary, the rise of halide perovskites as promising candidates for radiation 
detection materials has been witnessed from recent reports. Compared to the well-
studied three-dimensional (3D) halide perovskite, two-dimensional (2D) halide 
perovskites could be obtained by slicing the 3D perovskites along different crystal-
lographic planes with larger insulating organic cations to generate <100>-oriented, 
<110>-oriented, and <111>-oriented 2D perovskites, respectively. 2D layered 
perovskites with remarkable environmental and device stability have been reported 
to exhibit good potential in high-energy radiation detection in two types, namely, 
direct semiconductor detector and indirect scintillator detector.

The 2D perovskites have recently shown very promising performance in X-ray 
detection as a direct semiconductor detector. For example, the detector based on 
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Fig. 6  (a) Temperature-dependent light yield of 2D perovskite for temperature between 250 and 
350 K. (b) Pulse-height spectra of Li-doped (PEA)2PbBr4 under 662 keV gamma-ray from the 
137Cs source. (c) Light yield and energy resolution as a function of photopeak energies for different 
gamma-ray sources of 241Am, 22Na, and 137Cs. The y-axis is normalized with the light yields of 
undoped (PEA)2PbBr4 under 662 keV gamma-ray at RT [43]. Reprinted with permission from ref. 
43. Copyright 2020 American Chemical Society. (d) Synthesis scheme of Mn-STA2PbBr4. (e) 
Schematic of the experimental setup used for fast neutron radiography of a resolution test standard 
sample. The sample is placed between the fast neutron source and the Mn-STA2PbBr4 screen. (f) 
Fast neutron radiograph is generated by a 1 mm thick Mn-STA2PbBr4 plate. (g) Resolution test 
standard sample (steel plate with slits, holes of different depths). (h) Fast neutron imaging of reso-
lution test standard sample. Each frame of the image is exposed for 100 s under a 14 MeV fast 
neutron accelerator for a total of 20 times. (i) Curve of the relative gray value distribution of (h), 
which can distinguish the fissure evidently [45]. Reprinted with permission from Ref. [45]. 
Copyright 2021 American Chemical Society

(BA)2CsPb2Br7 single crystal along ab plane exhibited superior X-ray sensitivity up 
to 13.26 mC∙Gy−1∙cm−2 at a relatively low electric field of 2.53 V mm−1. The natural 
multiple quantum well structure enables 2D perovskite detectors with anisotropic 
detection performance, which can be adjusted by shortening the spacer cation to 
reduce the interlayer distance and barrier height. The anisotropic X-ray detection 
property enables 2D perovskite to be utilized in different practical conditions. 
Except for the semiconductor detector, 2D perovskite scintillator detectors have 
also exhibited excellent performance in α-, β-particles, neutron, and γ-ray detection. 
For example, a type of 2D perovskite scintillator was developed to detect β-ray with 
good thermotolerance and irradiation hardness. Li-doped (PEA)2PbBr4 scintillator 
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was demonstrated to resolve 662 keV γ-rays with an energy resolution of 7.7% and 
has been proven to be useful in neutron detection through 6Li enrichment. Although 
2D perovskites have been proven to have good potential applied in high-energy 
radiation detection, the properties are still to be improved for producing better 2D 
perovskite semiconductor detector or scintillator detector.
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Nonlinear Optical Properties in Perovskite 
Structure and Their Applications

José Luis Clabel Huamán, Leandro H. Zucolotto Cocca, André G. Pelosi, 
Rafael de Queiroz Garcia, Leonardo De Boni, and Cleber Renato Mendonça

1 � Introduction

Nonlinear optics (NLO) research is considered one of the most revolutionary fields 
in the innovation of optics and photonics, an emerging field in the frontier of sci-
ence, because of its potential applications [1]. Nonlinear optics arise from the inter-
action between the propagation of intense light waves and induced polarization in a 
medium [2]. As a consequence, it experiments effects such as multiple-frequency 
generation, two-photon absorption (2PA), Stark effect, electromagnetically induced 
transparency (EIT), stimulated Raman scattering (SRS), stimulated Brillouin scat-
tering (SBS), and stimulated light scattering (SLS) [3–5]. Although the NLO 
response of a material is shown to require intense optical fields, a new material with 
controllable physicochemical properties enables occurrence at certain lower opti-
cal powers.

Perovskite structures have received great scientific interest in the last decades 
due to their excellent functional performance and unique optical and electronic 
properties, which has motivated an increase of use in applications including optical 
switches, lasers, modulators, and optical sensors, among others [6–9]. The particu-
lar properties include electro-optical, bandgap tunability, narrow bandgap, fast 
charge mobility, high absorption coefficients, and low defect concentration. The 
perovskite structure has a stoichiometric ABX3, where A-site ions are generally rare 
earth elements and B-site ions are usually transitioned metal elements, frequently 
occupied by a larger-size and smaller-size cation, respectively, and X is often a 
chalcogen or halogen. The stability and distortion of perovskite structure are gov-
erned by the tolerance factor initially proposed by Goldschmidt [10] and recently 
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modified by Bartel et al. [11]. The equation expresses the tolerance factor: τ = (rX/r
B) − nA[nA − (rA/rB)/ ln (rA/rB)], where rA, rB, and rX are ionic radii of each ion (A, B, 
and X), nA is the oxidation state of A, rA > rB, and τ < 4.18 indicates perovskite. It 
determines a better accuracy of τ, mainly oxides of 83–92%.

In this regard, materials displaying interesting optical responses, such as 
oxide perovskites, show remarkable performance in nonlinear optics (NLO), 
owing to their noncentrosymmetry structure, high absorption, high exciton 
binding energy, large nonlinear coefficients, and high absorption band edges 
[12], which can be used for nonlinear optoelectronic devices. Besides, the opti-
mization of the synthesis methods, affordable and nontoxic, and the ease of 
fabrication of perovskite oxides allow obtaining materials with different struc-
tures. During the synthesis process, the stoichiometric composition, presence of 
dopant, and processing parameters (pH, temperature, reaction times, among 
others) play an essential role in the pure phase of perovskite oxide. The manipu-
lation and effective control of these correlated parameters influence the surface 
area, porosity, density of defect, and degree of octahedral distortion. They are 
an efficient strategy to achieve an increase in nonlinear optical response. Their 
unique properties and facile fabrication open up many opportunities for nonlin-
ear optics and optoelectronic devices.

Thus, the present chapter introduces the main synthesis methods for perovskite 
formation. In the sequence, we will briefly introduce some principles of nonlinear 
optics. Moreover, we will review some of the characterization techniques fre-
quently used to study various properties of materials. Following this principle, we 
will discuss the advantages and limitations of different nonlinear optical charac-
terization techniques, and complementary experimental configurations of optical 
techniques will be provided. Thereby, considering the benefits of facile process-
ing and high nonlinear optical response, we will scrutinize their advanced techno-
logical applications linked to developing nonlinear optical materials of the 
perovskite types.

2 � Synthesis and Processing of Perovskite Structures

2.1 � Coprecipitation Method

The coprecipitation method is used for synthesizing perovskite powder (ABO3), 
with nanometer particle sizes and high homogeneity. This method requires the solu-
bility of the metal cations. The process starts with the simultaneous precipitation of 
the suspension of soluble metal cations through a precipitation agent; see Fig. 1a. 
The latter decreases the solubility range and leads to a supersaturation condition 
[13]. Optimizing the perovskite particles through particle size control and the 
absence of agglomeration improves the material’s functionality. In this sense, pH 
solution, solution uniformity, reaction times, temperature, and concentration are 
essential to obtain pure perovskite.
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Fig. 1  Schematic representation of the (a) co-precipitation. Reprinted from Athayde et al. [13], 
with permission from Elsevier. Copyright (2016). (b) Sol-gel and (c) reaction state-solid method. 
Reprinted from Clabel et al. [14], with permission from Elsevier. Copyright (2020)

Zhang et al. prepared highly stable tetragonal BaTiO3 nanopowder through the 
coprecipitation method, using barium chloride (BaCl2) and titanium tetrachloride 
(TiCl4) as raw materials and tartaric acid (C4H6O6) as a precipitant agent [15]. 
Firstly, BaTiO3 nanopowder was obtained through two solutions: the BaCl2 was dis-
solved in deionized water (solution 1), while TiCl4 and C4H6O6 were dissolved in a 
mixture of isopropanol and deionized water (solution 2). The resultant precipitation 
was filtered and washed several times with distilled water to remove byproducts. 
Finally, BaTiO3 nanopowder was obtained with good dispersibility and a homoge-
neous particle size of about 75 nm. Other authors investigated the influence of oxa-
late ligand in the coprecipitation method on the morphology and structural phase of 
undoped and Rh-doped BaTiO3 nanoparticles [16]. Haron et  al. [17] fabricated 
LaMO3 (M = Al, Co, Fe) by using the coprecipitation method. Synthesis of LaAlO3 
was obtained using LaAlO3, Al(NO3)3·6H2O, and Al(NO3)3·6H2O as raw materials 
and dissolved in distilled water. For LaCoO3 and LaFeO3, the second raw material 
Al(NO3)3·6H2O was replaced by Co(NO3)2∙6H2O and Fe(NO3)3·9H2O). Then NaOH 
solution as a precipitant agent was introduced, and after precipitation, it was filtered 
and washed with distilled water several times until the water became neutral 
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(pH = 7). Another study found that the nanosized structure of perovskite synthe-
sized by coprecipitation includes NdFeO3 and CaTiO3 [18, 19]. Other advantages of 
the coprecipitation method are simple and rapid preparation, cost-effectiveness, 
good chemical homogeneity in the final product, high-phase purity, and fine particle 
or grain size. From the reported results, the physical and chemical parameters of the 
solvents used for the synthesis strongly affect the formation stages of the perovskite 
particle. So, different shapes, sizes, and orientations can be observed when appro-
priate solvents are used for the synthesis process.

2.2 � Sol-Gel Method

The sol-gel method is a process of forming oxide linkages through an inorganic 
polymerization reaction. The synthesis starts with the mixture of precursor materi-
als (metal alkoxide, metal-organic, or metal-inorganic salt) and solvent to form 
organic metal complexes. Among the variants of sol-gel methods, the Pechini 
method became the most used due to its versatility in preparing perovskite powders. 
During the sol colloid step, the pH, stirring, and temperature adjustment play an 
essential role in the condensation of the gel. After gel formation, a pre-calcination 
process is considered to eliminate organic material. Finally, the calcination process 
at low temperatures leads to great stoichiometry control, enhanced reactivity, dis-
tinct structures, high surface area, and greater particle homogeneity, thus producing 
the desired perovskite; see Fig. 1b. Also, gel formation is used to manufacture thin 
films [20, 21]. The calcination temperature for the formation of the perovskite struc-
ture, in this case, is much lower than that of the solid-state reaction method.

2.3 � Solid-State Reaction Method

The fabrication of perovskite materials results from a high-temperature solid-state 
reaction. The desired stoichiometry of the perovskite can be obtained from the mix-
ture of solid reactants (raw precursors), frequently nitrates, hydroxides, oxalates, 
alkoxides, carbonates, acetate, and oxides, with a pre-established ratio. The process 
involves the raw precursors, milling intensively (which allows high homogeneity), 
and calcination at high temperatures to enable interdiffusion of the cations, as shown 
in Fig. 1c. During the first stage, the reaction starts at the point of contact between 
the particles’ surfaces. At this point, the thermodynamical processes of diffusion 
and interdiffusion by the particle boundary occur with a determinate reaction kinetic 
rate [14, 22, 23]. The last one depends on the reaction conditions, the structure of 
the raw precursor, surface area, reactivity, and thermodynamic free energy [24]. 
Sometimes, organic solvents (propanol-2 and acetone, among others) are used as a 
mixing medium to get a homogeneous mixture. Recently, it was shown that the use 
of organic solvent changes the particle size and functional group absorption, this 
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last owing to the active site generated on the particle surface [14, 25]. On the other 
hand, mechanical impacts during ball milling, powder charge, spinning rate, critical 
time, and calcination are highly sensitive for obtaining single phases [26].

2.4 � Hydrothermal and Solvothermal Methods

The hydrothermal method is a chemical process applied to synthesize nanoparticles, 
which leads to crystalline forms with good properties, such as high yield, simple 
control, low pollution, and minimal energy consumption. This aqueous chemical 
process is developed in autoclaves under high temperatures and pressure (15 MPa). 
This implies the ions dissociated precipitate from the solvent, leading to the direct 
formation of oxide nanopowders. Hydrothermal and solvothermal methods are 
analogous; the first has water as a solvent, while the second can be realized using 
any other solvent. Among the advantages of these methods are the use of inexpen-
sive raw materials (oxides, hydroxides, chlorides, and nitrates), control of the par-
ticle size, stoichiometry, particle shapes, and avoidance of the secondary phase. The 
controlled growth of nanoparticles with size and shape selection is essential for 
exploring their unique physical and chemical properties. The key to the control is 
during the dissolution-nucleation-growth process, which is an environment favoring 
the predominance of size and shape growth over particle-particle aggregation and 
finite diffusion on the nanoparticle. In the case of the hydrothermal method, the 
amount of water and the use of organic stabilizers contribute to controlling the size 
and shape of the nanoparticle. In addition, controlled synthesis conditions such as 
time, pH, temperature, and pressure are of major relevance.

Long and coworkers [27] have studied the formation of alkali metal lead halide 
nitrate, Cs2Pb(NO3)2Br2, obtained by the hydrothermal method. Raw materials such 
as CsBr and Pb(NO3)2 and deionized water solvent were placed in a 23 mL auto-
clave with a Teflon liner, which was heated at 200 °C for 5 days. Introducing Pb2+ 
cations with active lone-pair electrons in the nitrate system induces an enhanced 
luminescence property and increases the birefringence. Another study has been 
reported for the synthesis based on nanoporous titanates such as SrTiO3, BaTiO3, 
and PbTiO3 for chemical catalysis applications, electrochemical catalysis, and pho-
tocatalysis [28]. Recent efforts have been made to understand the solvothermal 
method for growing CH3NH3PbX3 (X = I, Br, Cl) crystals using various acids (HI, 
HBr, and HCl) as halogen sources and to study the growth behavior as a function of 
reaction conditions and halide composition [29].

2.5 � Freeze-Drying Method

Freeze-drying (lyophilization) method appears to be one of the most attractive due 
to its remarkable ability to stabilize and facilitate the handling of colloidal suspen-
sions. In this method, adding additives are necessary to obtain successful results. 
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This process allows converting solutions or colloidal suspensions into highly stable 
solids. Three consecutive synthesis steps are required, from the spraying of fine 
droplets of solution into liquid nitrogen until the sublimation of the solvent in the 
absence of the liquid phase: the freezing step, a primary drying step, and secondary 
drying [30]. Freezing (from liquid suspension) is an essential parameter since it 
defines the crystalline structure of ice. In contrast, the primary and secondary drying 
stages involve the sublimation of ice from the frozen product (due to the reduced 
pressure) and the removal of absorbed water from the product (water of non-
sublimated ice), respectively. Thus, the crystalline ice structure depends on the cool-
ing rate, degree of supercooling, and annealing [31]. The advantage of freeze-drying 
is that it enables monodisperse particle sizes and homogeneous distributions, which 
have been obtained due to the fast freezing of solvent and drying process of solvent 
sublimation.

Double perovskite structures, such as Sr2CoTeO6 and Sr2(Mg0.99Co0.01)TeO6, 
were synthesized by freeze-drying [32]. Desired stoichiometric ratios of raw mate-
rial of SrCO3, Co(C2H3O2)2, Mg(C2H3O2)2, and TeO2 were dissolved in dilute aque-
ous nitric acid, and the solutions were cooled under liquid nitrogen. The frozen 
solutions were subsequently freeze-dried, and the powders obtained were ground 
and heat treated. The synthesis of CsPbBr3 perovskite nanocrystals was obtained 
from a mixture of docusate sodium, PbX2, and CsX (X = Cl, Br) [33]. The precursor 
solution was immersed in liquid nitrogen and then freeze-dried to form CsPbBr3 
powder. Other examples of perovskite production include NaNbO3 [34], MTiO3 
(M = Ca, Sr, Ba) [35], and SrMo0.9Co0.1O3 − δ [36], among others.

2.6 � Magnetron Sputtering Deposition

Magnetron sputtering is a powerful technique widely used in thin-film deposition. 
Magnetron sputtering is a process in which the atoms are ejected from the surface 
of a bulk target material under ion bombardment of sufficient energy and subse-
quently deposited on the substrate [37]. The sputtering system consists of a pair of 
electrodes (cathode and anode) within an isolated chamber. The cathode assembly 
consists of an electrode and a bulk target material. The target is fabricated out of 
materials that are to be deposited. Substrates are placed on the anode. The process 
involves the creation of a plasma using inert gases such as argon at a high electric 
field. The positively charged ions from the plasma are accelerated toward the cath-
ode and strike the negative electrode with sufficient force to eject atoms out of the 
target. The dislodged particles from the face of the target will condense on surfaces 
that are placed in proximity to the cathode. Conductive materials can be deposited 
using a DC power supply, and insulators are deposited using an RF power supply. 
The main advantages of this process can be highlighted: its comparably high depo-
sition rates, ease of sputtering any compound, extremely high adhesion of films, 
ability to coat heat-sensitive substrates, and high purity of the deposited films [38]. 
A broader discussion on magnetron sputtering can be found in the literature [39].
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Several materials can be evaporated, among them oxide and halide perovskites, 
offering the possibility to grow consecutive layers of different materials with a 
nanometric-micrometric control of the thickness, high homogeneity, high level of 
crystallization, and reduced surface roughness. In addition, the growth can be per-
formed at room temperature, avoiding the material stress, which can be understood 
as a consequence of the significant mismatch between the thermal expansion coef-
ficient of the perovskites and the substrate and could be responsible for the layers 
cracking and degradation [38]. Recently, Yasunori et al. [40] developed a rotational 
maze-shaped RF magnetron sputtering plasma by combining three kinds of rod 
magnets for improving target utilization and thin-film preparation. The target utili-
zation rate can reach approximately 64.8%, which is two to three times that of 
conventional stable sputtering.

Recently, Peddigari et al. [41] reported that Dy2O3-doped (K0.5Na0.5)NbO3 thin 
films were deposited onto quartz and Pt/Ti/SiO2/Si substrates by RF magnetron 
sputtering. The effect of oxygen mixing percentage (OMP) on physical properties 
was reported. The change in the deposition rate with OMP significantly modifies the 
third-order nonlinear optical properties. The third-order nonlinear susceptibility 
(ǀχ(3)ǀ) values of (K0.5Na0.5)NbO3 + 0.5 wt%Dy2O3 films increased from 0.69 × 10−3 esu 
to 1.40 × 10−3 esu with an increase in OMP. Besides, the nonlinear absorption coef-
ficient β = 1.70 cm/W was obtained for the 100% OMP film. Likewise, the effect on 
the target-substrate distances (D  =  30–70  mm) in the deposition process by RF 
magnetron sputtering of perovskite thin films was investigated [42]. The sputter 
deposition rate in the indicated interval of target-substrate distances decreased by 
more than twice. The study by nonlinear optical microscopy in perovskite films 
revealed the inhomogeneous distribution of second-harmonic generation, which is 
related to a nonuniform distribution of mechanical stresses in the medium. Other 
compounds with perovskite structures were excellently deposited Pb(Zr,Ti)O3 [43], 
CH3NH3PbI3 (MAPI) [44], and CsPbBr3 and CsPbCl3 [45].

2.7 � Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is a flexible technique where, through the process of 
ablation (i.e., the photonic energy is coupled to the bulk target material via elec-
tronic processes and chemical reactivity) of various materials, the perovskite film 
growth takes place. The operating principle of PLD involves the direct irradiation of 
a high-energy pulsed laser beam on the surface of a target material (source) over a 
period [46, 47]. This process can be conducted in ultrahigh vacuum conditions or in 
the presence of inert or chemically reactive gases (helium, nitrogen, or argon) [48]. 
During interaction with the incident laser beam, the temperature of the laser-
irradiated surface of the bulk material increases rapidly, resulting in matter vapor-
izing and ionization processes. The ejected vapor (containing many energetic 
species—atoms, clusters, ions, and/or molecules) in the form of a plasma plume 
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expands perpendicularly away from the irradiated area. If a substrate is positioned 
in front of the plume’s expansion trajectory, a fraction of the vaporized species con-
denses on this target surface into agglomerates and particles, promoting the uniform 
growth of thin films [49]. Thus, basicament, the PLD process, consists of the fol-
lowing steps: (i) interaction of the laser beam with the solid; (ii) plasma formation, 
heating, and initial isothermal expansion; (iii) adiabatic expansion; (iv) the interac-
tion of the plume with the environment; and (v) nucleation and growth of the thin 
films on a substrate.

In this process, thermodynamic factors such as lattice misfits and chemical 
defects can be excluded, and the growth can be described entirely kinetically. The 
PLD method requires detailed knowledge of the plasma plume characteristics as a 
function of the different deposition parameters, which allows determining whether 
these parameters can control the plume’s composition. Besides, the epitaxial growth 
of the perovskite thin films is strongly correlated to the laser fluence (which gener-
ates the plasma plume), composition, background gas pressure, and environmental 
conditions [46–49]. In general, PLD has attractive advantages compared to other 
film deposition methods 146, such as the stoichiometric condition of the target mate-
rial transferred to the substrate is preserved; versatility in the homogenous growth of 
multilayer structures, heterostructures, and superlattices by manipulating different 
target materials; the film thickness can be controlled by fixing the operating param-
eters; high structural quality of the films; and fast and scalable [50, 51]. However, 
some drawbacks limit the improved performance of this technique, including the 
deposition process being restricted to substrates of small geometric dimensions 
(usually not more than 1 cm2) and the appearance of surface roughness in the films 
because of large clusters and droplets arising from the chosen target material.

Substitution of three oxygen ions (O2−) with two nitrogen ions (N3−) in a layered 
perovskite SrTiO3 yields a three-dimensional perovskite-type SrTiO3:N film [52]. 
The incorporation of nitrogen results in a reduction in the optical bandgap energy, 
which allows visible light absorption [52]. Also, structures of BaTiO3 (BTO) and 
Ba0.5Sr0.5TiO3 (BST) thin films were fabricated at a substrate temperature of 700 °C 
and oxygen pressure of 0.1 mbar on quartz substrate via PLD [53]. The nonlinear 
absorption coefficients (β) of the thin films via the modified Z-scan technique were 
found to be 87 cm/W and 130 cm/W for BTO and BST thin films, respectively, at a 
wavelength of 488 nm. Similar work was reported on the effects of substrate tem-
perature and oxygen pressure on nonlinear optical properties of PLD-deposited 
BaTiO3 thin films [54]. The value of β is found to increase with the substrate tem-
perature (9.28 to 57.54 cm/W), while it increases with an increase in oxygen pres-
sure to 0.1 mbar (52.93 to 57.54 cm/W) and falls for higher oxygen pressure (57.54 
to 46.52  cm/W) [54]. Thickness-dependent nonlinear optical properties of 
Bi0.5Na0.5TiO3 thin-film growth by PLD were shown [55]. The impact of thickness is 
reflected in the β, which decreased with the increase of the thickness from 208 to 
1300 nm at 0.796 to 0.157 cm/W.
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3 � Nonlinear Optical Characterization Techniques 
and Recent Advances

Nonlinear optics is the field concerned with explaining the modification of optical 
properties of a material by the presence of intense light [56]. Nonlinear optical phe-
nomena usually become important when the intensity of the optical fields is high, 
which most frequently can only be achieved by using lasers. A useful way of for-
malizing the notion of nonlinear optical interaction is by writing a generalized non-
linear polarization (PNL) expression for a medium as a function of the driving electric 
field E:
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This polarization will define how the medium is influenced by light and also how, 
in a feedback mechanism, the medium will influence the propagation of light inside 
it. In Eq. (1), χ(i) represents the electrical susceptibility of “ith” order. In a more 
general version of this equation, the χ(i) have a tensorial nature, and the generation 
of a particular effect will depend on the orientation of the perovskite crystal planes 
relative to the electric fields.

The first term in the summation represents the usual linear response of the 
medium. The second term, with χ(2), is responsible for phenomena like second-
harmonic generation (SHG), sum-frequency generation (SFG), difference-frequency 
generation (DFG), and optical rectification. This term will only contribute to non-
centrosymmetric crystals and at surfaces, where inversion symmetry breaks. SHG, 
when driven by an ultrashort pulse of central photon frequency ω, generates light at 
a central frequency of 2ω. This takes place only using virtual states of matter and 
with no absorption processes (see Fig. 2b). The coherence of the produced light will 
depend on the type of sample being used. If an ordered material is present, the gen-
erated light may have a good temporal and spatial coherence. However, for nano-
crystals in a solution, for example, the random orientations and positions will 

Fig. 2  Diagram of energy describing the multiphoton absorption (a) and SHG and THG pro-
cesses (b)
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produce incoherent scattered light. When this situation is present, the phenomenon 
is called hyper-Rayleigh scattering [57]. Usually, the second-harmonic generation 
ability of a material is reported by the first optical hyperpolarizability (β), which is 
associated with the microscopic second-harmonic generation and is evaluated as 
β = ε0χ(2)/N, in which ε0 is the vacuum dielectric constant and N is the number of 
molecules per cm3. Previous works that studied SHG in perovskites will be dis-
cussed in Sect. 3.2. Another χ(2) effect is the so-called optical rectification and is 
associated with the generation of a quasi-DC polarization component at the medium. 
When ultrashort pulsed light is used, the fast oscillation of this nonlinear component 
can generate radiation at the THz frequency range [58]. Some oxide perovskites and 
distorted oxide perovskites are used for producing such an effect [59] because of 
their high χ(2) values.

The third term in Eq. (1), relative to χ(3), includes processes like third-harmonic 
generation (THG, Fig. 2b), two-photon absorption (2PA, Fig. 2a), and the genera-
tion of a nonlinear refractive index (Kerr effect) proportional to the light intensity. 
The THG is analog to SHG and is a process responsible for generating light at three 
times (3 ω) the driving frequency of the incident light (ω). Furthermore, it does not 
have a symmetry selection rule as SHG. The two-photon absorption is a process that 
allows the electronic transition of a lower energy state to a higher one that would not 
be possible with the energy of a single photon. With two photons, this transition 
becomes possible by an intermediate virtual state created by the nonlinear interac-
tion of light with the energy states of matter. The sum of the energies of the photons 
must be enough to surpass the energy difference of the states.

Furthermore, concerning higher-order nonlinearities and their applications, it is 
interesting to mention that all the odd terms (χ(i), i ≥ 3) lead to multiphoton absorp-
tion, like i = 3 in 2PA and i = 5 in 3PA (Fig. 2a). The parameter used to quantify the 
magnitude of these effects is the multiphoton absorption cross section (σ(N)) which 
is a purely molecular parameter. Such coefficient can be defined as σ(N) = R(N)/IN, 
where N is referred to the number of absorbed photons, I is the intensity, and R is 
the rate of transition given by [1]:
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Since multiphoton absorption can be described as the imaginary part of the odd 
terms of the electronic susceptibility, the nonlinear refraction can be written as a 
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function of the real part. The most significant nonlinear refraction contribution is 
the third-order one (χ(3)), given rise to the nonlinear refractive index n2. The total 
refractive index is written as n = n0 + n2 I, with n0 representing the linear refractive 
index and n2 given by [60]:
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in which ωp is the plasma frequency; e and m are the electron charge and mass, 
respectively; c is the light speed; and ω is the laser frequency. Perovskites have been 
reported as promising in the framework of new materials for nonlinear optical appli-
cations since they allow modulating, by the synthesis processes, the quantum con-
finement effect in lower-dimensional structures. With this, consequently, high 
values of nonlinear optical coefficients are reached. This way, the following subsec-
tions will show a series of results of multiphoton absorption, nonlinear refraction, 
second-harmonic generation, and third-harmonic generation obtained in oxide 
perovskites.

The nonlinear optical phenomena discussed until now by considering Eq. (1) are 
all restricted to the time interval in which E is applied, i.e., the time width of the 
light pulse. However, in a more general description of nonlinear optics, the interac-
tion of a light pulse with matter can induce transient or permanent changes in mat-
ter, which persist beyond the time of the pulse. As a first example, this includes the 
generation of an excited state by the absorption of light. Such a phenomenon can 
change the local optical absorption and refraction characteristics of a material. One 
can imagine an experiment in which a pulse with intensity Ip ∝ |Ep|2 creates a tran-
sient change in absorption proportional to its intensity. This is a frequent case in a 
transient absorption (TA) experiment [61]. By sending a weaker pulse to investigate 
the sample (with an electric field Ep2) at a time τ after the first one, the nonlinear 
polarization experienced in the material could be written as PNL = ε0[χ(1)Ep2 +  Im (χ
(3)′)|Ep|2Ep2]. Here, χ(3)′(τ) is the time-dependent proportionality constant that 
describes the change in absorption. The “(3)” is used because the second term in the 
expression can be interpreted as a third-order process on the electric field (|Ep|2 Ep2). 
Because of this, experiments that investigate photoinduced dynamics of matter can 
be understood within the scope of nonlinear optics. This particular TA experiment 
illustrates one type of optical response measured in time-resolved ultrafast optical 
spectroscopy (TRUS) setups. So, apart from absorption changes, there are many 
other types of probing methods. They include measuring changes in reflectivity, 
birefringence, Faraday rotation, etc. [62–64]. The excitation (pumping) of materials 
is also done with nonresonant light and can be driven by multiple pulses at different 
wavelengths. The applications of TRUS to oxide perovskites will be treated in Sect. 
3.3. There, it will be possible to address how the optical transients provide an essen-
tial characterization tool for investigating the states and dynamics of materials after 
light excitation has taken place.
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3.1 � Multiphoton Absorption and Nonlinear Refractive Index

Concerning techniques for determining the magnitude of multiphoton absorption 
(usually, absorption cross section) and the nonlinear refractive index, the Z-scan 
technique [65, 66], see Fig. 3a), is the most used one due to its ease of implementa-
tion and data acquisition. Fundamentally, Z-scan is based on translating the sample 
of optical length (L) around a focal region (z0) and acquiring the experimental nor-
malized transmittance (NT) as a function of the sample position (z). The NT is given 
by the transmittance measured closer to focus (where nonlinear effects are more 
pronounced) divided by transmittance far from focus. The experimental  
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section is obtained by σA2F = ħν β/N, being β the nonlinear absorption coeficient. For 
nonlinear refractive index determination, the NT is measured through an iris place 
in the far field; this setup is called close-aperture Z-scan. On the other hand, for 
MPA cross-section determination, the total signal is acquired by the photodetector 
and is called open-aperture Z-scan. Examples of typical nonlinear refractive index 
and multiphoton absorption are shown in Fig. 3b and c, respectively.

Fig. 3  (a) Representation of the Z-scan technique experimental setup and its typical signal for (b) 
nonlinear refraction obtained from close-aperture configuration. Reprinted from Zhang et al. [2], 
with permission from American Chemical Society. Copyright (2016). (c) Nonlinear absorption 
obtained from open-aperture configuration. Reprinted from Chen et al. [67], with permission from 
Springer Nature. Copyright (2017)
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To avoid spurious effects in the MPA and nonlinear refraction, it is usually more 
suitable to employ femtosecond laser systems (30–200 fs) with KHz repetition rate 
[68]. Feng Zhou et al. [68] extensively analyzed the MPA process in several types 
of perovskites, and most of the studies employed systems with such configuration 
for the determination of the MPA magnitude.

Another route to determine the MPA cross section for fluorescent samples is the 
multiphoton fluorescence excitation (MPFE); see Fig. 4a. Such a technique is based 
on monitoring the fluorescence signal for different multiphoton excitation wave-
lengths. It is important to highlight that some experimental parameters, such as the 
temporal width of the laser pulse (τp), beam waist (w0), and collection efficiency of 

Fig. 4  (a) MPFE experimental setup representation and (b) fluorescence signal obtained through 
four-photon excitation. Reprinted from Chen et al. [67], with permission from Springer Nature. 
Copyright (2017). The inset of Fig. 4b shows the angular coefficient of the integrated fluorescence 
signal as a function of the laser power, indicating that the collected fluorescence is due to a four-
photon absorption process
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the system (η), need to be previously determined. In addition, the studied sample’s 
fluorescence quantum yield (ϕ) and molar concentration (N) also need to be known. 
Details about the technique are described by W. Chen et al. [67]. In this paper, dis-
tinct multiphoton absorptions in perovskites are reported; see Fig. 4b. It should be 
mentioned that the MPFE technique does not need a high sample molar concentra-
tion to determine the fluorescence signal. Furthermore, low laser power can be used 
to excite the sample, once the experimental acquisition is carried out by a photomul-
tiplier or a high sensibility spectrometer. Such features bring some advantages to the 
MPFE over the Z-scan.

Considering some of the works about nonlinear optical processes in oxide 
perovskites, Bing Gu et  al. is worth mentioning [69]. This paper determined the 
refractive index and MPA of thin polycrystalline films of bismuth ferrite (BiFeO3). 
This compound has received significant attention owing to its applications in several 
technological areas, such as, for instance, sensors and actuators [70]. Moreover, 
BiFeO3 can present notable physical features [71–75]. Regarding ferroelectric non-
linear optical properties of thin films, researchers have shown that these kinds of 
compounds have good capabilities for employment as optical devices due to their 
optical transparency and great nonlinearities [76, 77]. Regarding linear optical 
properties, the transparency of BiFeO3 thin film was determined, ranging from 58% 
up to 91% from visible to the infrared spectral window. Concerning the third-order 
optical nonlinearities, the femtosecond Z-scan technique was used. NLO results 
revealed a two-photon absorption coefficient, β, of 16.0 ± 0.6 cm/GW and a nonlin-
ear refractive index, n2, of (1.46 ± 0.06) × 10−4 cm2/GW at 780 nm. Bing Gu et al. 
compared their results with other reported works [78–81] and have shown that 
BiFeO3 thin films are a promising material for nonlinear optical devices.

Materials with ferroelectric properties are excellent materials for a large number 
of applications: memories devices, oscillators, filters, and tunable phase shifters 
[82–84]. In this context, Saravanan et al. [82] reported a large three-photon absorp-
tion in Ba0.5Sr0.5TiO3 (BST) films at 800 nm. Nonlinearities were studied through 
the Z-scan technique for different growth temperatures (500–800 °C with 100 °C 
steps) and pulse durations (25 ps, 2 ps, and 6 ns). Three-photon absorption coeffi-
cients (α3) of 45 × 10−22 cm3/W2 and 60 × 10−22 cm3/W2, for samples growth at 700 
and 800°, respectively, were obtained. Regarding measurements with 2 ps, it was 
observed a decrease of α3 for BTS at 700 nm (α3= 15 × 10−22 cm3/W2) in comparison 
to 800 nm (α3= 85 × 10−22 cm3/W2). A two-photon absorption coefficient (β) was 
obtained for BTS at 500, 600, 700, and 800 nm for 6-ns pulses. The results showed 
values of 30, 40, 55, and 110 cm/GW, respectively. Finally, results of n2 were also 
performed for different temperatures and pulse temporal width. Considering mea-
surements with 25 ps and 2 ps, n2 displays an increase with growth temperature 
(from 500 °C up to 800 °C with 100 °C steps), ranging from 0.11 × 10−14 cm2/W up 
to 3.25 × 10−14 cm2/W and 0.18 × 10−14 cm2/W up to 1.0 × 10−14 cm2/W, respectively.

In the same vein of ferroelectric materials, S. Li et al. [85] reported a study of 
Bi3.15Nd0.85TiO12 (BNT0.85) thin films. Nonlinear optical measurements were per-
formed through the Z-scan technique at 800 nm, 300 ps, and a 10 Hz repetition rate. 
The two-photon absorption coefficient and nonlinear refraction index were 
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Table 1  Nonlinear absorption and refraction coefficient for different perovskite oxides

Sample λ(nm), τp β(cm/GW) γ(cm2/GW)

Bi2Nd2Ti3O12 532, 35 ps 3.10 × 105 0.70
Bi3.75Nd0.25Ti3O12 532, 35 ps 5.24 × 104 0.94
Bi3.25La0.75Ti3O12 532, 35 ps 3.00 × 104 0.31
Bi3.25La0.75Ti3O12 800, 140 fs −6.67 × 103 1.92 × 10−3

Bi3.25Nd0.85Ti3O12 800, 300 fs 1.15 × 102 −8.15 × 10−3

BiFeO3 780, 350 fs 16 1.5 × 10−4

Adapted from [85]

determined. It was observed a two-photon absorption coefficient and nonlinear 
refraction of 1.15 × 102 cm/GW and −8.15 × 10−3 cm2/GW, respectively. Nonlinear 
absorption processes are linked to oxygens vacancies, which are mainly responsible 
for indirect transition processes via defect levels. Also, values of β and γ were com-
pared with similar materials, and values are displayed in Table 1.

3.2 � Second-Harmonic Generation Techniques

Second-harmonic generation (SHG) is defined by the incidence of two photons ω 
and the generation of one photon of frequency 2 ω. SHG can be measured by using 
different approaches [86]. In general, techniques to measure SHG are classified into 
four groups [86]: far-field SHG polarimetry, wide-field SHG interference imaging, 
scanning SHG microscopy, and near-field SHG microscopy.

The most used technique is the far-field SHG polarimetry [86], which was pro-
posed by Franken in 1961 [87]. This method is based on the incidence, in a specific 
angle, of polarized light at frequency ω in the sample surface and the measurement 
of light at frequency 2 ω, in the transmission or reflection configuration, by a sensi-
tive photomultiplier. Denev et al. [86] illustrate the experimental setup, considering 
the transmission configuration, in the case of transparent compounds or in the 
reflection configuration for nontransparent compounds. At this point, it is relevant 
to highlight that the far-field SHG polarimetry is similar to scanning SHG micros-
copy [86]. The main difference is that in scanning SHG microscopy, an objective 
focuses the excitation beam (with frequency ω) on the sample being scanned across 
its surface.

The wide-field SHG interference contrast imaging technique is based on the fact 
that each part of the compound can generate second-harmonic signals with different 
amplitudes and phases. Therefore, it is possible to produce images from different 
parts of the sample using the phase change through this technique. An external ref-
erence beam (in the same frequency of the generated second harmonic (2 ω)) [88] 
is used to interfere with the second harmonic of the sample generating a phase con-
trast which is converted into an intensity one [89]. In order to amplify the SHG 
phase contrast, it is possible to adjust the relative phase of the reference and the 
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Fig. 5  Illustration of the experimental setup of the wide-field SHG interference contrast imaging 
technique

second harmonic of the sample [88]. A simple way to do that is by turning the refer-
ence crystal in its azimuthal axis. Figure  5 illustrates a basic concept of this 
technique.

Finally, the near-field SHG microscopy technique is based on the principles of 
near-field scanning optical microscopy (NSOM). In other words, NSOM is a tech-
nique that acquires the evanescent optical waves in the near field through a probe 
(usually a fiber probe) applied nearby the sample surface [90]. In the near-field SHG 
microscopy technique, a pulsed laser is used to pump the sample, and a probe (simi-
lar to the NSOM) is employed to acquire the SHG signal in the near field nearby the 
surface sample. It should be mentioned that there are other possible experimental 
setups regarding this technique [91, 92]. A possible experimental setup for a near-
field SHG microscopy is shown in ref. [86].

A convenient method of quantifying the capacity of SHG microscopically is 
by determining the first hyperpolarizability (β). Such parameter is commonly 
determined by the hyper-Rayleigh scattering (HRS) technique which is usually 
performed with a reference sample with β value well known. To perform such a 
technique, the laser beam is focalized in the sample with an intensity I(ω), and 
a nonlinear scattering with an intensity I(2 ω) is collected by a photomultiplier 
tube. Experimental details such as a dark box and bandpass filters need to be 
used to avoid spurious signals. Figure 6 also shows the experimental setup of the 
hyper-Rayleigh scattering (HRS) technique (Fig.  6a) and typical signals of 
second-harmonic generation (Fig.  6b), which was obtained through HRS 
technique.

It is important to mention that the frequency of excitation is usually far from 
resonance to avoid enhancement effects. Usually, HRS measurements are performed 
with a wavelength of excitation at 1064 nm, resulting in a β at 532 nm. Another 
point that should be highlighted, for fluorescent samples, is that the analysis should 
be carefully performed to guarantee that the collected signal originates from the 
nonlinear scattering and not from fluorescence generated by multiphoton excitation. 
Considering all these factors, a relationship between the intensities I(ω) and I(2 ω) 
can be written as follows:
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in which G is an instrumental factor, Ni is the concentration of scattering ele-
ments, and the index i represents the number of scattering elements in the sample. 
The instrument factor can be determined by performing HRS measurements in a 

J. L. Clabel Huamán et al.



201

Fig. 6  (a) Representation of experimental setup of the hyper-Rayleigh scattering technique, and 
(b) shows the linear behavior in log-log scale (blue region) of SHG signal in function of the inci-
dent intensity of 1D quiral lead perovskite. Reprinted from Abdelwahab et al. [93], with permis-
sion from American Chemical Society. Copyright (2018). The figure also shows (red region) the 
damage caused owing the high incident power. Figure 6b adapted from [93]

sample with a value of β already known. In this way, the first hyperpolarizability can 
be determined by applying the following equation:

	

�
� �

�
sample ref sample

ref

�
2

	

(7)

in which αsample and αref are the angular coefficients of the linear behavior between 
the nonlinear scattering intensity (I(2 ω)) and the concentration of the scattering 
element (N) for the sample and the reference, respectively.
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Table 2  First hyperpolarizability for several perovskite oxides

BaTiO3 KNbO3 KTP LiNbO3 ZnO 90–200 ZnO 20

β (10−24 esu/nm3) 5.16 21.8 33.5 16.3 7.12 0.33

Adapted from [97]

Nowadays, many authors have considered using perovskite alkaline niobates 
(PAN) as compounds for second-harmonic bioimaging microscopy [94–96]. In this 
way, it is essential to study such compounds to verify their employment capacity. 
For this purpose, the most used method for determining the nonlinear optical prop-
erties is usually hyper-Rayleigh Scattering (HRS) measurements [94]. For instance, 
Silva et al. performed a nonlinear study, through the external reference HRS method 
[94], in NaNbO3 nanocrystals with an orthorhombic crystalline structure. Their 
results showed that the first hyperpolarizability per volume is 0.93 × 10−29 esu/nm3. 
In the same context, Joulaud et al. [97] investigated the SHG employing the HRS in 
several nanocrystals colloidal suspensions (BaTiO3, KNbO3, KiTiOPO4 (KTP), 
LiNbO3, and ZnO) (Table 2).

3.3 � Time-Resolved Ultrafast Optical Spectroscopy 
in Oxide Perovskites

Time-resolved ultrafast optical spectroscopy (TRUS) is used to study the dynamics 
of oxide perovskite materials when excited by resonant and nonresonant ultrashort 
pulses of light [61]. This is done by monitoring the nonlinear optical response of the 
medium beyond the temporal width of excitation pulses by using delayed probe 
pulses. The TRUS experiments may use more than one excitation (pump) and probe 
pulses to cover all the characterization needs of a material. The resolution of the 
experiment may range from tens of attoseconds to a few picoseconds. Furthermore, 
the spectral content of the pulses can span from X-ray wavelengths to optical, IR, 
and THz frequencies. A depiction of a simple TRUS technique is shown in Fig. 7. It 
will be used as a comprehensive example for guiding the discussion of this section. 
In it, the delay between pump and probe is produced by using a mechanical delay 
line, and then both pulses are spatially overlapped at the sample. This generally 
allows one to measure the nonlinear optical response induced by the intense pump 
pulse at the material. Particularly, this setup allows one to measure the sample’s 
transient absorption (TA) and reflectance (TR) by measuring the transmission and 
reflection of the probe pulse. This can be done with single-pixel detectors (P for TA 
and P2 for TR), as in Fig. 7, or with spectrometers, depending on the relevance of 
resolving the spectral content of the probe. An element like an optical chopper can 
be used for alternately exciting the sample with the pump pulse. This allows the 
transient effects to be measured for each time delay between pumps and probes. 
With this in mind, the applications of TRUS experiments to oxide perovskites can 
be discussed. Because of the variety of physical properties in the oxide perovskites, 
the works on the topic vary greatly in the choice of the TRUS methods. So now, an 
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Fig. 7  A simple TRUS experiment using a pump-probe approach for simultaneously measuring 
TA and TR. The photodetectors are named P for TA and P2 for TR. The convergent lens is L. The 
adjustable time between pump and probe is Δt

overview will be presented considering some classes of studies in perovskites, relat-
ing them to the type of TRUS experiments that take part in the investigations.

First, it is important to remark that the nature of the transient effects in TRUS can 
be dubious if experiments are not performed to sort them out. An important work by 
Smolin et al. [62] corrects the interpretation of the TR spectra of epitaxial LaFeO3 
thin films [98]. By performing TA and TR measurements on LaFeO3, LaMnO3, and 
LaMnO3/LaFeO3 type I heterojunction thin films, it was possible to separate the 
thermal contributions of LaFeO3 from the electronic contributions. This was possi-
ble because LaMnO3 is a semiconductor with a lower bandgap (0.6 e V) compared 
to LaFeO3 (2.4 eV), so the optical excitation of LaMnO3 carriers at photon energies 
below the bandgap of LaFeO3 does not allow any carriers to flow to it. Thus, in this 
case, only heat flows to the LaFeO3 layers. Hence, the only transient response from 
LaFeO3 seen in the transient spectra of the bilayers is related to thermal effects. This 
result made it possible to reassign a whole region of the transients previously asso-
ciated with carriers to a thermal effect. The same thermal spectral dependence was 
confirmed by ellipsometry measurements with varying temperatures. Determining 
the correct electronic and thermal effects in TA and TR was important in this article 
to obtain the correct carrier lifetime and the correct interpretation of the carrier 
dynamics. This information is very important for appropriately designing light-
harvesting materials, like in photovoltaic and photocatalytic applications. For more 
studies and considerations about thermal effects affecting perovskites and related 
systems, there are other relevant published works [99–101]. Another recent work 
proposes a method using Kramers-Kronig relations for discerning between the 
changes in the TA and TR spectra caused by the real or imaginary parts of the 
dielectric constant [102]. This is not normally considered in interpreting these spec-
tra and can be relevant principally on thin films. One of the applications of the work 
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was on a halide perovskite, but the method can be directly applied to oxide 
perovskites and may provide new insights for these materials.

Another recent work with perovskite heterostructures, by Hoglund et al. [103], 
has explored time-domain Brillouin scattering (TDBS) to measure the phonon scat-
tering times of SrTiO3–CaTiO3 superlattices. The authors wanted to study the prop-
erties of this class of materials as a function of the SrTiO3/CaTiO3 layer’s thicknesses 
in the regime of very few unit cells per layer (from 2 to 27). Two structural transi-
tions between the samples could be identified by the change in the phonon scatter-
ing times, which also exhibited a strong correlation with the changes in thermal 
conductivity in the material. To understand how this result was obtained, it is impor-
tant to explain the technique. The TDBS experiment is closely related to the TR 
experiment depicted in Fig. 8. The principal addition to the experimental setup is the 
use of an acoustic transducer which is in touch with the sample and is excited by the 
pump pulse (400 nm in this experiment). This excitation provides ultrafast heating 
of the transducer, producing coherent acoustic waves that will propagate throughout 
the sample of interest. This means that the pump pulse does not need to be resonant 
with the sample, only with the transducer absorption spectrum. The propagating 
waves produce modulations of the refractive index, and this Brillouin response can 
then be sensed by a NIR probe (800 nm). The modulations act in analogy to a Fabry-
Perot interferometer, producing partial constructive and destructive interferences. 
By measuring the lifetime of these oscillations at the TDBS signal, one measures 
the phonon scattering times. This, and related techniques, are already extensively 
applied in the literature on oxide perovskites [104–107]. The discussed work serves 

Fig. 8  The TA measurements performed on LaFeO3 (a), LaMnO3 (c), and LaFeO3/LaMnO3 bilay-
ers (e). In (b, d, and f), it is possible to see slices for specific times of the transients in (a, c, and e), 
respectively. In (e or f), one observes the thermal transient response of LaFeO3 at the heterojunc-
tion and its similarity with the response in (a or b) in the 2.5 to 3.6 eV region (dashed lines). 
Reprinted from Smolin et  al. [62], with permission from American Chemical Society. 
Copyright (2022)
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as an additional example of the usefulness of this acousto-optical TRUS method to 
the characterization and applications of perovskites and, more specifically, for pur-
suing sophisticated thermal and infrared responses in these materials [103].

An important emphasis of TRUS studies in oxide perovskites is in the field of 
correlated and quantum materials. Particularly, transition metal oxides (TMOs) and 
other quantum materials already have extensive literature on ultrafast spectroscopy, 
and extensive reviews on the field, including some perovskites, were already written 
[108–112]. This chapter’s subset of TMOs includes doped and undoped perovskite, 
double perovskite, perovskite-like, and distorted perovskite structures. What is 
interesting in correlated materials is the coupling between their different degrees of 
freedom (DOF). Charge, lattice, spin, and orbital DOF combine to give TMOs 
unique properties, sensitive to variations in temperature, pressure, chemical doping, 
and electric and magnetic fields [108]. The states of these materials can range from 
Mott-Hubbard insulators to correlated or superconducting metals. What is impor-
tant in using TRUS in TMOs is not only the characterization scope (a) but also the 
possibility of using TMOs as nonlinear and optical control materials (b). Concerning 
(a), TRUS can excite specific DOF of the materials and then probe the coupling of 
the other ones in space and time. This is particularly important to match experiment 
and theory on TMOs but is itself the straightforward path to applications (b). It is 
important to emphasize that photoinduced phase transitions (PIPTs) frequently 
occur when correlated materials are excited, and this is considered a form of optical 
(coherent) control. A plethora of studies explores metal-to-insulator transitions 
(MITs), photoinduced transient superconductive phases, modulation of ferroelectric 
or magnetic order, and many other examples. Some recent works spanning different 
applications and discoveries will be highlighted.

Recent work on the distorted perovskite LiNbO3 has promoted the idea of nonlo-
cal nonlinear phononics [113]. In this work, a vibrational mode was excited on the 
surface of ferroelectric LiNbO3 with a mid-IR pump pulse (20 THz central fre-
quency, 150 fs pulse duration). A nonlinear coupling mechanism with the excited 
phonons produced polaritons, which could be seen to propagate to a length of the 
material beyond the excitation region. Moreover, these polaritons produced a sig-
nificant change in the ferroelectric polarization, even being able to reverse it. This 
was observed using femtosecond stimulated Raman spectroscopy (FSRS) as a prob-
ing method for the polariton and vibrational Raman modes. More specifically, the 
change of the Raman coefficient was evidence of a change in ferroelectric polariza-
tion, illustrating the usefulness of FSRS for probing ferroelectric states. So, the 
nonlocal use of phononics produced desired macroscopic transient changes on the 
material and effectively avoided the unwanted effects of phononic excitation, which 
include, e.g., heating. Another recent work involving magnetic order was published 
for the DyFeO3 perovskite [63]. This material exhibited a PIPT from an antiferro-
magnetic (AFM) phase to a weak ferromagnetic (WFM) one. This phase was coher-
ently produced by using mid-IR pulses and probed by measuring the Faraday 
rotation of a 1.55 eV (~800 nm) transmitted probe. The PIPT can be explained as a 
photomagnetic effect in which the mid-IR pump induces lattice distortions and 
coherently changes the exchange interaction between Fe and Dy. This change 
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creates the new nonequilibrium metastable phase (WFM), with a lifetime superior 
to 250 ps. This phenomenon is essentially different from a direct phonon-magnon 
coupling, in analogy with the phonon-polariton coupling from ref. [113]. Hence, it 
shows how the mid-IR response of correlated materials can be rich. Furthermore, a 
change in magnetic order is also possible to be obtained in DyFeO3 with excitation 
at optical [114, 115] and THz frequencies [116]. In the former, the authors used the 
optomagnetic inverse Faraday effect. This effect is responsible for coherently con-
trolling the sample’s spins, altering the magnetic moment in an ultrafast time. This 
is done with an intense circularly polarized pump at 1.55 eV, and the effect is probed 
as in [63] (Faraday rotation probe). For the THz experiments in DyFeO3, the pro-
duction of magnons presented good tunability by exciting the spins directly at their 
quasi-ferromagnetic and quasi-antiferromagnetic modes. Furthermore, when elec-
tronic transitions are also present in the THz spectrum, their resonant excitation 
causes an enormous change in the magnetic anisotropy of the material. This then 
promotes a nonlinear excitation of the spins with a higher strength than the pure 
Zeeman interaction with the ferromagnetic and quasi-antiferromagnetic modes. 
Changing the THz pulse’s spectral content makes it possible to control the nonlin-
earity of the spin excitations. This experiment used the same type of faraday NIR 
probe as in [18, 20]. These examples illustrate part of the landscape of ferroelectric 
and ferromagnetic TRUS studies of oxide perovskites.

Various double perovskite systems are also known for their magnetic phase tran-
sitions and MITs, which were already studied by TRUS [117]. Furthermore, many 
of such materials exhibit oxygen transport [118]. Recent work had successfully 
used a TR setup to study the EuBaCo2O5.39 perovskite [119]. By pumping the mate-
rial at ~3.1 eV, it was possible to probe the oxygen displacement dynamics with 
pulses ranging from 650 nm (1.9  eV) until 7800 nm (0.16  eV). Both pump and 
probe had pulse widths on the order of 120 fs. The dynamics observed upon excita-
tion yielded a fast component of 1–3 ps, associated with a strong electron-phonon 
interaction due to charge transfer from the O orbital to the Co orbital upon the UV 
excitation (Fig. 9). The lifetime of coherent phonons associated with oxygen move-
ment matches this time scale, thus supporting this interpretation.

Additionally, another slow component was detected, with lifetimes on the 
100–1000 ps time scales. This was associated with the motion of the oxide ions in 
the CoO layer of the material. More interestingly, the transport of the material 
occurs on an ultrafast time scale. It happens right after the charge transfer lifts the 
degeneracy of the eg Co orbital due to the Jahn-Teller effect. This change in the 
orbital configuration perturbs the surroundings of the Co ions, favoring the transport 
of O ions due to the decrease in the potential barrier of crossing to a different posi-
tion in the EuO layer. Additionally, the same UV pump was used to perform time-
resolved electron diffraction, with electron probes accelerated at 75 keV and with 
picosecond time resolution. Diffraction probes with electrons or X-rays are very 
important in studying correlated materials, providing direct evidence of transient 
lattice changes. So, the crossover between optical and other ultrafast methods 
always contributes to the characterization objectives. This was verified in this work, 
because the transients of the optical spectroscopy and electron diffraction had the 
same dynamics within the time resolution of the experiment.
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Fig. 9  The process of oxygen transport in the EuBaCo2O5.39 double perovskite is summarized in 
this figure. Reprinted from Hada et al. [119], with permission from Elsevier. Copyright (2021)

4 � Applications of Perovskite Oxide in Photonic Devices

With the development of frequency doubling in ruby laser by Franken in 1961 [87] 
and the subsequent observation of other nonlinear optical effects, applications based 
on nonlinear properties have prompted a significant development in material sci-
ence, laser technology, and information technology. Next, some photonic applica-
tions on perovskites are presented.

4.1 � Nonlinear Waveguides

Waveguides require developing materials with significant electro-optical coeffi-
cients, high optical transparency, high second-order nonlinear coefficients, low scat-
tering losses, and high modulation speeds [120]. The optimization of electro-optical 
coefficients in BaTiO3 from 148 pm V−1 to 1000 pm V−1 makes them attractive for 
nonlinear waveguides (see Fig. 10a) [121]. Eltes and co-workers [121] show that the 
low-loss slot-waveguide structures (αp = 6 dB cm−1) and high-Q ring resonator cavi-
ties (Q > 20,000) enhanced the optical confinement in the BaTiO3 layer and reduced 
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Fig. 10  (a) Schematics of waveguide and propagation losses at different stages during the pro-
cessing. Comparison of ring resonator spectra before and after annealing. The spectra are taken 
from ring resonators with a 75 μm radius and gap sizes close to critical coupling. Reprinted from 
Eltes et  al. [121], with permission from American Chemical Society. Copyright (2016). (b) 
Schematic of the designed PZT EO modulator. 3D view: two arms of the MZI waveguide act as 
phase modulators and are driven via a push-pull dual-drive electrode structure (upper). Cross sec-
tion: 300 nm PZT film is deposited on SiO2/Si substrate (lower left). A ridge waveguide is formed 
by etching 80 nm thick PZT (lower middle). DC field distribution in the modulator (lower right). 
Reprinted from Ban et al. [124], with permission from IEEE Xplore. Copyright (2022). (c) In the 
optically excited region, R, shift current, JDC shift is countered by the diffusion current, Jd, so that 
the total current is divergence less in the steady state. A gate in proximity can be used to measure 
the charge density profile capacitively and hence the shift current in a steady state. Reprinted from 
Barik et  al. [125], with permission from American Physical Society. Copyright (2020). (d) 
Comparison of J–V of the Pt/PZT structure at different light intensities and thickness-dependent. 
Reprinted from Tan et al. [126], with permission from Springer Nature. Copyright (2019)

bending losses. Fabrication of low-loss BaTiO3-based slot-waveguide structures 
was obtained by annealing the waveguides in oxygen at 350  °C for 60  min. 
Theoretical modeling indicates that BaTiO3 exhibits a strong nonlinear conversion 
between electrical and optical properties [122]. These studies have shown that the 
nonlinear electro-optical coefficients, low scattering losses, and optimization of 
optical confinement play an essential role in the incorporation of functional and 
high nonlinear BaTiO3 in a nonlinear waveguide. Likewise, the LiNb6Ba5Ti4O30 thin 
film exhibits high transparency, anisotropic performance, and strong nonlinearity. 
The strong nonlinear response, measured by SHG (excitation at 800 nm) as a func-
tion of the incident beam polarization, with the output polarization fixed at 0 (P-out) 
and 90° (S-out), is attributed to the LNBTO phase and the interface between 
LiNb6Ba5Ti4O30 and LiTiO2 [123].
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4.2 � Eletro-optic Modulators

High-performance solid-state electro-optic oxides possess both significant and fast 
electro-optic effects. Lithium niobate (LiNbO3) is one of the best candidates widely 
used as an electro-optical modulator in telecommunications [127]. However, 
LiNbO3 is less efficient as it has a low electro-optic effect and high-temperature 
dependence. Contrarily, BaTiO3 is a highly promising material for developing high-
performance electro-optical modulators due to its large Pockels coefficients [128]. 
This last is several orders of magnitude higher than LiNbO3. Eltes et al. [129] fabri-
cated electro-optic high-speed modulators based on the Pockels effect in barium 
titanate BaTiO3 thin films into the back end of line of a photonic integrated circuit 
(PIC) platform (see Fig. 10b). The devices show excellent induced phase shift as a 
function of the applied voltage (VπL) of 0.2 V cm, and considering the propagation 
losses α, the value is VπLα of 1.3 VdB, which works at high speed (25 Gbit s−1), and 
can be tuned at low-static power consumption (100 nW). Similar results in BaTiO3 
deposited by MBE show a large Pockels coefficient of 923 pm/V and electro-optic 
modulators response measured in photonic waveguides translate to a VπL of 
0.45  V  cm and achieve a high modulation bandwidth until 50 Gbit s−1 [130]. 
However, ferroelectric lanthanum-modified lead zirconate titanate (PLZT) thin film 
epitaxially grown showed significant enhancement when compared to BaTiO3, due 
to control of PLZT material phase [131]. This process has the advantage of enhanc-
ing the electro-optic coefficient (>120 pm/V) and lowering the propagation loss 
(1.1 dB/cm) of PLZT compared with BaTiO3. The optical modulator exhibited a 
half-wave voltage (Vπ) of 6.0 V (VπL = 4.5 V cm) and optical modulation of up to 
56 Gbit s−1. Electro-optical modulators developed with another material type, lead 
zirconate titanate (PZT) thin film on the SiO2/Si substrate, shows VπL of 1.4 V cm, 
propagation loss of 1.8 dB/cm, and 3-dB bandwidth of 12 GHz [124]. Recently 
shown was the influence of deposition method parameters as gun position, substrate 
height, and sputtering pressure on the quality of film and, consequently, on their 
electro-optical operation [132]. In this sense, thick epitaxial BaTiO3 films grown by 
RF magnetron sputtering on SrTiO3-templated silicon-on-insulator substrates, using 
the optimized conditions, yield an equivalent Pockels coefficient as high as 
157 pm/V and VπL of 0.421 V cm.

4.3 � Photovoltaic Solar Cells

The bulk photovoltaic effect (BPVE), in general, creates a steady photocurrent (or 
photovoltage) from sunlight, which occurs in noncentrosymmetric materials (or 
lacking inversion symmetry), such as ferroelectrics, possessing an above-bandgap 
[133]. BPVE-based solar cells include, among others, ferroelectric materials that 
have the capacity to minimize the energy loss due to the shift current mechanism. 
The general formalism developed by Sipe and Shkrebtii [134] shows that the shift 
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current is related to nonlinear optical effects, due to the second-order susceptibility 
tensor interaction with monochromatic light. In this sense, the second-order optical 
response to an optical excitation in noncentrosymmetric materials is a kinetic effect 
and includes a DC current and shift currents. This last one is generated by the 
sequential tunneling of electrons in one direction (see Fig.  10c). It is noted that 
intraband and interband contributions are considered in the formalism, and that 
applies to a semiconductor under optical excitation with photon energy ℏω < Eg (Eg 
bandgap). Thus, when electrons are excited from the valence band to the conduction 
bands in a noncentrosymmetric material, the charge center of the electrons is also 
shifted, giving rise to a nonlinear current.

Tan et al. [126] designed a ferroelectric Pb(Zr0.2Ti0.8)O3 ultrathin-film material, 
which can fulfill these criteria for better photovoltaic response. By reducing the film 
thickness, they achieved high power conversion efficiencies in ferroelectric photo-
voltaics. As the light intensity increases from 8.9 to 22.3 mW/cm2, the current den-
sity (JSC) increases correspondingly from 0.68 to 1.94 mA/cm2, while the open-circuit 
voltage (VOC) remains at ~ −0.84 V. Compared with the 120-nm film, the 12-nm 
ultrathin film exhibits a nearly 6.5-fold enhancement in JSC per unit light intensity, 
which is attributed to the reduced recombination and lower areal series resistance, 
as shown Fig. 10d. Although BPVE and depolarization field (Edp) effect are bulk 
effects, nonlinear optical effects of perovskite and Schottky barrier effect contribute 
to the optimization. Considering that formalism is applied to single phase, Pal et al. 
[135] modified the phenomenological model to a two-phase system and calculated 
experimentally in Ba1−x (Bi0.5Li0.5)xTiO3 system [136, 137]. Other reports in 
perovskite-type BaTiO3 thin films and Bi2FeCrO6 multilayer thin films exhibit a 
solar cell conversion efficiency of 0.6% and 8.1%, respectively, overcoming the 
suggested limitations on power conversion efficiencies in the photovoltaic effect 
[138]. The ferroelectricity in Bi2FeCrO6 films originates from the 6s2 lone pair on 
Bi3 + ions, as is the case in BiFeO3, BiMnO3, and Bi2FeMnO3.

4.4 � Nonlinear Phononics

The emerging area of nonlinear phononics studies what happens after large-
amplitude coherent phonon oscillations are produced in materials [139]. If linear 
phononic excitation by IR light would lead to an average zero displacement of an 
oscillating mode, a nonlinear excitation can, e.g., provide nonzero net transient dis-
placements of atoms in a lattice. This, of course, in a general sense, changes the 
properties of a material in a nonequilibrium, controllable, and totally unique man-
ner. This signifies another way of manipulating materials that are beyond changing 
pressure, temperature, chemical doping, etc. [140]. So, it is seen as highly valuable 
in the field of highly correlated materials, in which many oxide perovskites are 
included. Only recently, with intense mid-IR laser sources, it has become possible 
to excite large-amplitude oscillations in IR-active phonons and observe this class of 
phenomena, including nonlinear couplings between different vibrational modes 
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[141], and degrees of freedom of the material. Particularly, near structural phase 
transitions, the nonlinear phononical response is amplified, making oxide perovskites 
very good candidates for this kind of application [142]. In Sect. 3.3, some works 
were already cited showing the possibilities of controlling electric and magnetic 
order [63, 143] in perovskites and, particularly, how the nonlinear coupling of pho-
nons and polaritons is an example of nonlocal phononics [113]. Another very 
explored research topic is the tuning of superconductivity in cuprates, which remains 
a challenge [139, 144, 145].

5 � Conclusion and Perspectives

A comprehensive and critical review of the nonlinear optical properties of oxide 
perovskites and their applications has been addressed. Moreover, the preparation 
methods are accompanied by particulars of synthesis of thin films, characterization 
techniques, and results emanating from them. Subsequently, devices based on the 
nonlinear properties of oxide perovskite materials and some projections into their 
future use have been provided. This review is motivated by the recent resurgence of 
complex oxides owing to their Pockels effect, multiple-frequency generation, two-
photon absorption (2PA), Stark effect, electromagnetically induced transparency 
(EIT), stimulated Raman scattering (SRS), stimulated Brillouin scattering (SBS), 
and stimulated light scattering (SLS) that, in principle, would pave the way for 
unique multifunctional devices for heat and optical sensors, nonlinear waveguides, 
electro-optic modulators, and photovoltaic solar cell, to cite a few.
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Perovskites as Catalyst Precursor 
for Hydrogen Production from Ammonia 
Decomposition

M. Pinzón, A. Sánchez-Sánchez, P. Sánchez, A. R. de la Osa, and A. Romero

1 � Introduction

Green hydrogen has focused relevance as an ideal (high productivity for energy 
conversion) and clean energy carrier (COx-free fuel). Nevertheless, the main draw-
backs associated with hydrogen (H2) are its low volumetric energy density (8.96 
GJ·m−3) and the difficulties related with gas handling, which increases the cost of 
the H2-based technologies [1]. These involve a low acceptance for viable applica-
tion, being necessary to use liquid chemical compounds to store H2.

In this sense, ammonia (NH3) is a promising “hydrogen carrier,” which has gen-
erated high interest because of suitable qualities such as it is a carbon-free hydrogen 
vector and presents high gravimetric/volumetric hydrogen density. Moreover, it can 
be easily liquefied to store and transport and directly used electrochemically (fuel 
cells), thermochemically (combustion), and/or by cracking (ammonia decomposi-
tion) [2]. Thus, hydrogen production from ammonia (cracking) requires a highly 
efficient catalytic system which allows to decrease the energy requirements (reac-
tion temperature) and the hydrogen purity (high ammonia conversion) to couple this 
reaction to PEM fuel cells.

While ruthenium catalysts have been proposed as the most active catalyst from a 
range of different metals (Rh, I, Ni, Co, Fe, etc.) [3–5], the use of non-noble metals 
(Ni or Co) has gained great attention as active phase, owing to their suitable cata-
lytic performance under slight conditions and economic cost [6, 7]. Besides, 
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bimetallic catalysts (Ni–Co) supported on different metal oxide have enhanced the 
reaction as consequence of the formation of Ni–Co alloy [8, 9]. Note that the cata-
lytic activity is also influenced by supports, which must deliver high conductivity 
and basicity, and metallic crystallite size; preferably crystals in small size enhance 
ammonia decomposition [3, 10, 11].

On the other hand, the synthesis method affects the catalyst properties [3]. Thus, 
the impregnation method generates crystallites of too large size, and the coprecipi-
tation method does not allow to precipitate nickel completely leading to low amount 
in the final catalyst [10]. In this sense, materials with the single-phase LaNiO3 
(perovskite structure) have allowed to develop catalysts with new metallic (Ni0) and 
support (La2O3) phases, after reduction, with excellent results in ammonia decom-
position reaction [7, 10, 12].

In light with this, the self-combustion method, which involves an exothermic 
reaction between an organic compound as fuel and metal nitrates, has been described 
to deliver homogeneous perovskite-type oxides (LaBO3, B  =  non-noble metals) 
with slow reaction time and without intermediate of decomposition [13]. However, 
it is necessary an additional step of calcination to achieve the completely well-
defined crystalline structure. Indeed, the modification of the fuel-to-metal nitrates 
molar ratio and calcination temperature generate perovskites with different proper-
ties [10, 13, 14].

In order to perform highly efficient and economical catalysts for H2 production 
from NH3 decomposition, this work involves a facile, low-cost, and environment-
friendly approach toward synthesis of non-noble mono- and bimetallic catalyst for 
this reaction. Additionally, the effect of the synthesis parameters such as the molar 
ratio (fuel to metal nitrates) and the calcination temperature have been discussed.

2 � Experimental

2.1 � Catalyst Synthesis

Catalyst precursors (i.e., LaCo1−xNixO3 perovskites where x = 0, 0.2, 0.4, 0.6, 0.8, 
and 1, molar basis) were synthesized by the self-combustion method using an 
organic fuel (citric acid) following the procedure described previously [7]. The rela-
tion of citric acid to metal nitrates varied from 0.5 to 1.25, and the powder obtained 
was calcined in an air at 600, 650, 700, 750, and 900 °C for 4 h (2 °C min−1 heating 
rate) resulting in MR LaNiO3 or LaCoO3, where MR refers to the molar ratio (citric 
acid to metal nitrates). The final catalysts (perovskite-derived catalyst) were pre-
pared after reduction in 50% v/v H2 flow (100 mL min−1 diluted with Ar) at 550 °C 
(10 °C min−1) for 1 h, prior to the reaction.
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2.2 � Physicochemical Characterization

XRD patterns of the calcined and reduced perovskites were recorded on a Philips 
X’Pert MPD diffractometer using nickel-filtered Cu-Kα radiation in the range 
20°–80° (2θ) using 0.02° step−1 (4 s step−1). Textural properties were determined 
using a QUADRASORB 3SI through adsorption-desorption isotherms at liquid N2. 
Structural morphology and elemental mapping (EDX) of calcined bimetallic 
perovskites were obtained using ZEISS GeminiSEM 500 FE-SEM with a PIN-
diode BSE detector. Temperature-programmed reduction (H2-TPR) essays were 
conducted in an AutoChem 2950 HP unit with a TCD detector. Samples (0.08 g) 
were heated from room temperature to 900 °C (10 °C min−1), under 5% v/v H2/Ar 
mixed gas, 60 mL min−1. In the same equip, the total basic sites were determined 
from CO2-TPD profiles. Samples (0.08 g) were reduced at 550 °C, cooling to 50 °C 
in argon flow and exposed to a CO2 flow (40 mL min−1) at 50 °C for 30 min. Finally, 
the samples were heated from room temperature to 900 °C (10 °C min−1) under Ar 
flow. Images HRTEM of the final catalysts were performed in a TalosTM F200X 
(FEI-200 kV), and elemental mapping associated with images was carried out with 
an energy-dispersive X-ray spectrometer (X-Max Oxford). The crystallite size dis-
tribution was estimated by HRTEM, where more than 600 crystallites were mea-
sured for each material showing a Gaussian distribution.

2.3 � Catalyst Activity

NH3 decomposition tests (0.08 g of perovskite) were performed under 1 bar in a 
fixed-bed reactor. The sample were in situ reduced at 550 °C (10 °C min−1) for 1 h 
(50% v/v H2/Ar flow 100 mL min−1) to obtain the final catalyst. Catalytic activity 
was evaluated in the temperature range of 250–450  °C under 5% v/v NH3 
(100  mL  min−1 diluted with Ar), corresponding to a gas hourly space velocity 
(GHSV) of 75,000 mL gcat

−1 h−1. Effluent gas composition after reaction was ana-
lyzed on-line through a gas chromatograph (Agilent 7820A) and allowed to deter-
mine H2 formation (mmol H2 gcat

−1  min−1) rate and NH3 conversion ( xNH3
) [7]. 

Arrhenius plot (Ln mmol H2 gcat
−1  min−1 vs. 1/T) was employed to estimate the 

apparent activation energy (Ea), considering that NH3 decomposition reaction hap-
pened into differential requirements. Finally, stability test for selected catalysts was 
carried out at 450 °C over 40 h.
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3 � Results

3.1 � Effect of Fuel-to-Metal Nitrates Molar Ratio 
and Calcination Temperature

Aiming for optimizing the catalytic activity of the monometallic perovskites 
(LaNiO3), the influence of the molar ratio and calcination temperature were investi-
gated. First, the fuel-to-metal nitrates molar ratio was varied from 1.25 to 0.5, and 
the samples were calcined in air at 650 °C for 4 h. Then, the optimized sample was 
calcined at different temperature (600, 650, 700, 750, and 900  °C). All samples 
were reduced in situ at 550 °C for 1 h.

The catalytic activity of reduced MR LaNiO3 samples at 350 °C was shown in 
Table 1. Note that the ammonia conversion was clearly influenced by the fuel-to-
metal nitrates molar ratio, showing the catalytic activity an increase with the molar 
ratio. However, 1.25 LaNiO3 perovskite-derived catalyst led to the lowest ammonia 
conversion at 350 °C (33.6%), while 1 LaNiO3 resulted in the highest conversion at 
350 °C (55.9%). In order to correlate the catalytic performance with the structural 
properties of the samples, different techniques have been used to the characteriza-
tion of the precursors and the final catalysts.

All samples presented similar low surface area around 10 m2 g−1 (Table 1), typi-
cal of these types of materials due to the high heat of combustion during synthesis 
and the calcination step [15, 16].

Despite the similarity in SBET, the fuel-to-metal nitrates molar ratio affected the 
crystalline structure formed during synthesis, identified by XRD patterns (Fig. 1a). 
It was observed that perovskites synthesized with molar ratio equal to 0.75 and 1 
only exhibited peaks related to rhombohedral LaNiO3 (PDF, 11-0711) [7], which 
could justify the high catalytic activity of these perovskite-derived catalysts. 
However, 1.25 LaNiO3 and 0.5 LaNiO3 perovskites displayed peaks associated with 
LaNiO3, tetragonal La2NiO4, and NiO impurities. These phases (La2NiO4 and NiO), 
considered impurities, appeared due to the low or high quantity of citric acid [13], 
and they were responsible of the low ammonia conversion reached. However, the 
perovskites were in situ reduced, and therefore, the crystalline structure changed as 
can be observed by XRD (Fig. 1b). In this sense, all perovskite-derived catalysts 

Table 1  Ammonia conversion at 350  °C and physicochemical properties of MR LaNiO3 
perovskites calcined at 650 °C

Samples Ammonia conversion (%) SBET (m2 g−1)

Crystallite size (nm)ab
Total basic sites
(μmol CO2 g−1)aNi0 (2θ = 44.5°)

1.25 LaNiO3 33.6 10 8.1 5.2
1 LaNiO3 55.9 12 5.5 18
0.75 LaNiO3 48.3 9 4.8 17.8
0.5 LaNiO3 36.7 9 13.2 4.3

aFrom the reduced perovskites
bCalculated by the Scherrer equation
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Fig. 1  (a) XRD pattern of MR LaNiO3 perovskites calcined at 650 °C and (b) XRD pattern of 
final catalysts

(reduced perovskites) presented peaks linked to lanthanum oxide (La2O3) and metal-
lic nickel (Ni0) being the main phases of the final catalysts. Although the catalysts 
had the same crystalline structure, the ammonia conversion was distinctive, which 
indicated some differences in Ni0 crystallite size. Then, nickel size was estimated 
from Scherrer equation at peak 2θ = 44.5° and it is shown in Table 1. Note that 1.25 
and 0.5 LaNiO3 final catalysts showed larger crystallite size (8.1 and 13.1  nm, 
respectively) than 1 and 0.75 LaNiO3 final catalysts (5.5 and 4.8 nm, respectively). 
The difference in crystallite size was consequence of the presence of La2NiO4 and 
NiO before reduction [13]. Moreover, it is well-known that small nickel sizes 
enhance the ammonia decomposition reaction because of its dependence on the 
structure and size of metal [17, 18]. Therefore, it is likely that the lower the nickel 
size of 1 and 0.75 LaNiO3 final catalysts, the higher the catalytic activity.

On the other hand, high basicity is a key factor of catalysts in ammonia decom-
position reaction. Hence the effect the citric acid-to-metal nitrates ratio has on the 
basicity of the final catalysts was discussed using CO2-TPD profiles. The total basic 
sites of the final catalysts were estimated from the integration of the peaks, and it is 
indicated in Table  1. Note that the total basic sites increased as the molar ratio 
increased until a value of 1 (18 μmol CO2 g−1), and then it decreased again (5.2 μmol 
CO2 g−1 for 1.25 LaNiO3). This fact confirmed that the molar ratio affected the basic 
properties, despite of the phases observed after reduction. Moreover, the difference 
in crystallite size could rise the basic sites, achieving high basicity with small metal 
size [19]. In fact, the perovskite-derived catalyst with molar ratio equal to 1 and 0.75 
exhibited the higher total basic sites (minor crystallite size) and, hence, the superior 
basicity, which justified the greater catalytic activity of 1 LaNiO3 and 0.75 LaNiO3 
perovskite-derived catalyst.

In view of the results, the fuel-to-metal nitrates molar ratio influenced on the 
catalytic properties of the final catalysts and, so, the catalytic activity. Indeed, 
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crystalline phases after calcination compromised the nickel size and the total basic 
sites of the final catalysts. Thus, the 1 and 0.75 perovskites exhibited the main phase 
of LaNiO3 (rhombohedral) without impurities (La2NiO4 and NiO) before reduction 
which resulted in the smallest nickel crystallite and the highest basicity. For that 
reason, this molar ratio was selected as the optimal to carry out the following studies.

Apart from that, the calcination temperature of the 1 LaNiO3 perovskites was 
optimized and tested on hydrogen production from ammonia. In addition, the 
ammonia conversion at 400 °C as function of the calcination temperature is pre-
sented in Fig. 2. The results showed that the optimum calcination temperature was 
650 °C, displaying the materials calcined at 700, 750, and 900 °C the lower catalytic 
activity. In fact, the material calcined at 900 °C achieved an ammonia conversion of 
78.2% at 400 °C in comparison with 97.5% of conversion of the material calcined 
at 650 °C.

Toward to relate the catalytic activity with the materials characterization, differ-
ent techniques have been used. As above mentioned, the crystalline phase seems to 
be crucial in the development of an adequate nickel catalyst; thus the XRD of the 
calcined perovskites is presented in Fig. 3a. Note that the calcination temperature 
did not influence on the phase formed after calcination. Actually, all perovskites 
presented the peaks associated with the rhombohedral LaNiO3 (PDF, 11-0711), and 

Fig. 2  Ammonia conversion at 400 °C as function of the calcination temperature for 1 LaNiO3 
perovskite-derived catalysts
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Fig. 3  (a) XRD pattern and (b) H2-TPR for the 1 LaNiO3 perovskites calcined at different 
temperature

Table 2  Physicochemical properties and hydrogen consumption of 1 LaNiO3 perovskites calcined 
at different temperatures

Calcination temperature 
(°C)

SBET 
(m2 g−1)

Crystallite size 
(nm)a

Hydrogen consumption (mmol H2 
g−1)Ni0 (2θ = 44.5°)

600 14 5.0 4.6
650 12 5.5 4.8
700 10 8.5 4.6
750 8 9.0 4.6
900 3 11.9 4.7

aCalculated by the Scherrer equation from the reduced perovskites

these peaks also increased with the temperature, indicating higher crystallite size 
[15]. However, the perovskite calcined at 600  °C showed another peak at 43.4° 
related to nickel oxide, which suggested an insufficient temperature to develop the 
structure of perovskite. In this sense, the presence of other different phase, such as 
NiO, caused a decrease in the catalytic activity. An influence of the calcination tem-
perature was observed with the surface area (Table 2), i.e., the SBET decreases as the 
calcination temperature raised as consequence of the increase of reaction rate [20]. 
This might have an effect in the catalytic activity although almost negligible due to 
the low surface area values.

Moreover, the reduction of the perovskite was studied by H2-TPR, and the profile 
is exposed in Fig.  3b. Three hydrogen desorption peaks were observed for all 
perovskites at temperatures around 350 °C, 370 °C, and >500 °C. The low tempera-
ture peak was associated with first reduction of LaNiO3 to give La2Ni2O5, the middle 
temperature peak ascribed to NiO reduction, and the high temperature peak related 
with the final reduction of the perovskite to obtain Ni0 and La2O3 [15]. Note that the 

Perovskites as Catalyst Precursor for Hydrogen Production from Ammonia Decomposition



228

perovskite calcined at 600 °C exhibited the higher peak at middle temperature, indi-
cating higher amount of NiO species, as can be seen by XRD.

In the same way, the crystalline structure of the perovskites reduced at 550 °C 
was analyzed by XRD (not shown here). All perovskite-derived catalysts presented 
metallic nickel and lanthanum oxide as two phases after reduction, suggesting that 
calcination temperature did not affect the crystalline structure of the final catalysts. 
However, considering the crystallite size of Ni0 (Table 2), the calcination tempera-
ture influenced in this parameter. The higher nickel size the higher calcination tem-
perature. In this sense, the perovskite calcined at a temperature higher than 650 °C 
generated nickel sizes higher than 6 nm which declined the ammonia conversion. In 
particular, an average nickel size between 3 and 5  nm has been established to 
enhance the ammonia decomposition [18].

Note that the perovskite calcined at 600 °C showed the lowest nickel size, but the 
presence of NiO before reduction led to lower catalytic activity than perovskite 
calcined at 650 °C, which could be related to the hydrogen consumption (calculated 
from H2-TPR curves, Table 2) during reduction. It was observed that hydrogen con-
sumption of perovskite calcined at 600 °C was 4.6 mmol H2 g−1 and the perovskite 
calcined at 650 °C was 4.8 mmol H2 g−1 showing higher reduction degree and hence 
superior catalytic activity.

In view of the results, this work has allowed to achieve the synthesis of nickel-
based perovskites as catalyst precursors for the ammonia decomposition reaction. 
Besides, the fuel-to-metal nitrates molar ratio and calcination temperature were 
optimized to synthesize the suitable nickel catalyst. The 1 LaNiO3 calcined at 
650 °C and reduced at 550 °C exhibited suitable physicochemical properties (lower 
impurities before reduction, higher hydrogen consumption, small and well-dispersed 
Ni0 crystallite size) which led to an excellent nickel catalyst with great catalytic 
activity. For that reason, a fuel-to-metal nitrates molar ratio equal to 1 and a calcina-
tion temperature of 650 °C were selected as optimal to carry out the synthesis of 
bimetallic perovskites.

3.2 � Synthesis of Bimetallic Ni–Co Perovskites

In order to generate Ni–Co bimetallic catalysts, different LaCo1−xNixO3 (x = 0, 0.2, 
0.4, 0.6, 0.8, and 1 molar basis) perovskites were synthesized, tested, and optimized 
as catalyst precursors for the hydrogen production from ammonia.

The SEM images of calcined bimetallic perovskites are shown in Fig. 4, showing 
a characteristic nonporous structure with crystallite of different size and shapes. In 
addition, the higher the cobalt content, the lower the porosity and the higher the 
crystallite size [21].

From the EXD analysis, it could be observed the elements of perovskites (La, Ni, 
Co, and O) evenly distributed over the surface. This analysis was also used to cor-
roborate that the synthesis was correctly carried out, and then, the Ni/Co weight 
ratio was measured (Table 3). This ratio absolutely set the theoretical ratio indicat-
ing the synthesis was perfectly performed (error of ±0.5%).
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Fig. 4  HRSEM images and EDX elemental mapping of the calcined bimetallic perovskites: (a) 
LaCo0.2Ni0.8O3, (b) LaCo0.4Ni0.6O3, (c) LaCo0.6Ni0.4O3, (d) LaCo0.8Ni0.2O3

Perovskites as Catalyst Precursor for Hydrogen Production from Ammonia Decomposition



230

XRD patterns before reduction of the bimetallic perovskites are shown in Fig. 5a. 
Note that all bimetallic perovskites exhibited well-defined crystalline structure 
linked to rhombohedral LaNiO3 or LaCoO3 structure (PDF, 33-0711 or PDF, 
48-0123) [21]. Additionally, no peaks related to nickel and cobalt oxide were 
detected. An increase in the cobalt content caused a splitting of the peaks to reach 
cobalt perovskite structure. However, in the XRD pattern of the reduced perovskites 
(Fig. 5b), there were differences as function of the Ni/Co ratio. In this sense, all 
perovskite-derived catalysts presented signals for metallic Ni or Co and La2O3, 
while final catalysts of perovskites with Ni/Co weigh ratio equal to 3.7 and 1.5 also 
exhibited peaks of tetragonal La2NiO4 or La2CoO4 phases. Santana et al. [22] sug-
gested that during reduction treatment of the bimetallic perovskites, oxygen defi-
ciency was generated leading to tetragonal phases formation and they required 
higher reduction temperatures.

In line with XRD analysis, H2-TPR of the samples were carried out to estimate 
the reduction degree (Table 3). This parameter was calculated from the ratio of the 
real H2 consumption (H2-TPR curves, not shown here) to the theoretical amount of 
H2 required for the reduction of perovskites. It should be mentioned that reduction 
process was affected by Co amount [23], and the perovskites with Ni/Co ratio 3.7 
and 1.5 possessed the lower reduction degree. In fact, they showed an intermediate 
phase of reduction when they were reduced at 550 °C, as can be observed by XRD 
(Fig.  5b). These events (low reduction degree and tetragonal phase over surface 
after reduction) may cause metallic crystallites of bigger size, influencing the 
ammonia conversion.

Accordingly, TEM and elemental mapping of the perovskite-derived catalysts 
were carried out. The final catalysts were represented by highly dispersed spherical 
crystallite of metallic Ni/Co supported over homogeneous matrix [22], as can be 
seen in EDX images (Fig. 6). Furthermore, all elements of the final catalysts (Ni, 
Co, La, and O) were highly distributed, indicating that both metals (Ni and Co) 
coexist on the catalyst surface. From the TEM images (not shown here) and the 
crystallite size distribution, the average size of metallic Ni and/or Co was estimated, 
and it is shown in Table 3 for all perovskite-derived catalysts. Note that the higher 
crystallite size the higher cobalt amount, which could be due to the presence of the 
intermediate phase after reduction, the lower reduction degree, and the presence of 

Table 3  Ni/Co weight ratio, reduction degree, and crystallite size of reduced bimetallic perovskites

Ni/Co (wt/wt)a Reduction degree (%)b Crystallite size (nm)c

LaNiO3 – 81 4.2 ± 0.1
LaCo0.2Ni0.8O3 3.7 65 7.8 ± 0.1
LaCo0.4Ni0.6O3 1.5 66 7.9 ± 0.1
LaCo0.6Ni0.4O3 0.7 90 7.0 ± 0.1
LaCo0.8Ni0.2O3 0.3 91 5.7 ± 0.1
LaCoO3 – 70 7.7 ± 0.1

aMeasured by EDX of calcined perovskites
bCalculate from H2-TPR curves
cCalculate from TEM images (crystallite size distribution)
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Fig. 5  (a) XRD pattern before and (b) XRD pattern after reduction of the perovskites

the two metals [22]. Samples with Ni/Co ratio equal to 0.7 and 0.3 showed a crystal-
lite size of 7.0 nm and 5.7 nm, respectively, i.e., the bimetallic perovskite without 
intermediate phase and higher reduction degree presented lower crystallite size. 
Indeed, higher Ni and/or Co crystallite size was generated with the tetragonal 
La2NiO4 phase as catalyst precursors [22]. Apart from this, the lowest metal size 
was developed with the pure nickel perovskite (LaNiO3) displaying a nickel size of 
4.2 nm, which could influence on the catalytic activity.

Finally, the perovskite-derived catalysts were tested on the ammonia decomposi-
tion reaction. The catalytic activity was evaluated as hydrogen formation rate (mmol 
H2 gcat

−1 min−1) at 350 °C for all catalysts, and it is shown in Table 4.
Perovskite-derived catalysts synthesized with Ni/Co ratio of 3.7 and 1.5 exhib-

ited the lower hydrogen production rate with a value of 1.3 mmol H2 gcat
−1 min−1, 

followed by the catalysts with Ni/Co ratio of 0.7 and 0.3 with a 1.6  mmol H2 
gcat

−1 min−1; after these, the pure cobalt perovskite-derived catalyst showed 1.9 mmol 
H2 gcat

−1  min−1; and the highest catalytic activity was achieved by pure nickel 
perovskite-derived catalyst (2.5 mmol H2 gcat

−1 min−1). It was found that the cata-
lytic performance was altered by Co amount and the main reason to the low activity 
of bimetallic and pure Co perovskite-derived catalysts in comparison with pure Ni 
final catalyst was the smaller crystallite size of the last catalyst (4.2 nm), although 
other parameters such as the reduction degree and the presence of tetragonal phase 
after reduction influenced the catalytic activity, decreasing it. In this sense, it is 
well-known that ammonia decomposition reaction is influenced by the metal size 
[17]. Thus, the bimetallic perovskites are not preferably as catalyst precursors 
because of the higher metal size generated after reduction.

On the other hand, Huang et al. [8] attributed the higher activity of bimetallic 
catalysts to the presence of Ni–Co alloys, so it might be likely that bimetallic cata-
lysts of this work did not present Ni–Co alloys because these showed worse cata-
lytic activity than monometallic ones. Thus, the drop in the overall activity of the 
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Fig. 6  EDX elemental mapping of the monometallic and bimetallic perovskites reduced at 550 °C
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bimetallic catalysts could be due to the presence of individual Ni and Co active sites 
coexisting on catalytic surface, as shown by EDX (Fig. 6). In line with this, the rate-
determining step of ammonia decomposition (recombinative desorption of adsorbed 
N atoms) is influenced by bond strengths (M–N where M = Ni, Co, and Fe), because 
N atoms are absorbed on metal surface generating strong bonds [27]. In addition, 
Wang et  al. [27] have been proven by temperature-program desorption (TPD) 
experiments that Ni–N bond strength is weaker than Co–N bond, which enhanced 
the rate-determining step and hence the ammonia decomposition rate [28].

Subsequently, the difference in catalytic activity of perovskite-derived catalysts 
of LaNiO3 and LaCoO3 could be related to the basic properties, which have been 
estimated with CO2-TPD (Fig. 7). Regarding the literature, the temperature of the 
desorption peaks was associated with the CO2 interaction with basic sites of varying 
strength [29]. Thus, reduced LaNiO3 perovskite displayed three desorption peaks at 
(i) 100–250 °C (weak basic sites), (ii) 250–500 °C (moderate basic sites), and (iii) 

Fig. 6  (continued)
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Table 4  Catalytic activity of perovskite-derived catalysts and comparative with other nickel 
catalysts of literature

Materials
GHSV (mL 
gcat

−1 h−1)
T 
(°C)

H2 formation rate 
(mmol H2 
gcat

−1 min−1)

Ratio H2 experimental/
H2 maximum 
theoretical (%) Ref.

LaNiO3 75,000 (5% 
v/v NH3-Ar)

350 2.5 56 This 
workLaCo0.2Ni0.8O3 1.3 30

LaCo0.4Ni0.6O3 1.3 31
LaCo0.6Ni0.4O3 1.6 37
LaCo0.8Ni0.2O3 1.6 38
LaCoO3 1.9 43
Ni/CeO2 13,800 (57% 

v/v NH3-Ar)
350 1.5 4 [24]

Ni/GNP 15,000 (10% 
v/v NH3-He)

375 0.8 17 [25]
Ni/NaNH2-GNP 1.5 33
Ni/KNH2-GNP 2.0 44
Ni0.6(Mg0.29Al0.57On) 30,000 (pure 

ammonia)
350 3.4 10 [26]

1Ni–9Co/
Ce0.6Zr0.3Y0.1O2

6000 (pure 
ammonia)

350 1.0 15 [8]

Ni5-Co5/SiO2 30,000 (pure 
ammonia)

350 5.0 15 [9]

Fig. 7  CO2-TPD profiles of a: LaNiO3 and b: LaCoO3 calcined at 650 °C (reduced at 550 °C)
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Fig. 8  Stability test for reduced LaNiO3 (0.08  g catalyst, 75,000  mL·h−1·gcat
−1, atmospheric 

pressure)

>500 °C (strong basic sites), which corresponded to desorption amount (or total 
basic sites) of 18 μmol CO2 g−1. For reduced LaCoO3 perovskite, only two desorp-
tion peaks were observed correlated to weak and moderate basic sites, and it pre-
sented a total basic site of a half the one of nickel (9.5 μmol CO2 g−1). In this respect, 
it is possible to adjust the basic properties by changing the B-site cation in the 
LaBO3 structure.

Table 4 also shows the comparative of the hydrogen production rate of the final 
mono- and bimetallic catalysts developed in this work with nickel and Ni–Co cata-
lysts accessible in the literature. Point out that catalysts of this work exhibited admi-
rable hydrogen production rate at the highest gas hourly space velocity (GHSV) of 
the comparative, although the feeding gas composition was the lowest. Nevertheless, 
these conditions might be related to real application, and the materials could take 
advantage of diluted ammonia feed to generate hydrogen and get energy. In short, 
the pure nickel perovskite allowed to achieve a nickel-based catalyst with adequate 
nickel metal size, without intermediate of reduction, superior basic sites, and with 
higher active sites to improve the rate-determining step of ammonia decomposition 
reaction.

Finally, for real application the stability of the optimal catalyst (reduced LaNiO3) 
is very important, and durability test was performed at 450 °C for 24 h (Fig. 8). The 
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catalyst demonstrated to be stable at high temperature with an ammonia conversion 
of 99% constant for long reaction times.

It has been demonstrated that self-combustion method with an additional step of 
calcination allowed to synthesize well-defined perovskites, which have been proven 
to be excellent catalyst precursors for ammonia decomposition reaction.

4 � Conclusions

Perovskites, (LaBO3, B = non-noble metals) prepared by self-combustion method, 
were demonstrated to be exceptional catalyst precursors of Ni-based catalysts. The 
synthesis parameters (fuel-to-metal nitrates molar ratio, calcination temperature, 
and Ni/Co weight ratio) affected the catalytic activity. The characterization of the 
samples (impurities, physicochemical properties, basicity, metal size, and reduction 
degree) together with the catalytic essays revealed that the 1 LaNiO3 calcined at 
650 °C displayed the most favorable properties for the ammonia decomposition. 
This material presented well-defined LaNiO3 phase before reduction, small, well-
dispersed Ni0, high basicity after reduction, and the most active sites, exhibiting an 
ammonia conversion of 99% at 450 °C for 24 h (great stability). This work offers 
new perception in aiming cost-effective Ni-based catalysts to improve the NH3 
assessment as hydrogen carrier.
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Defect Origin of the Light-Soaking Effects 
in Hybrid Perovskite Solar Cells

Jing Wang and Wan-Jian Yin

1 � Introduction

The past decade has witnessed the rapid development of organic-inorganic hybrid 
perovskites (OIHPs), particularly their power conversion efficiency (PCE), which 
has dramatically increased from 3.8% in 2009 to a record 25.7%; this is comparable 
to the performance of commercial thin-film solar cells, such as Si, CdTe, and 
Cu(In,Ga)Se2 [1]. Some studies have demonstrated that the excellent properties of 
OIHPs are mainly attributed to their large absorption coefficient [2, 3], high carrier 
diffusion length [4, 5], high charge carrier mobility [6], and unique defect tolerance 
[7, 8]. However, in practice, OIHPs inevitably suffer from the critical stability prob-
lems because their facile decomposition is exacerbated by external stimuli, such as 
air (oxygen), moisture, and solar illumination, which is a major obstacle for com-
mercial applications. To mitigate these negative effects, device encapsulation has 
been employed to effectively minimize exposure to oxygen and humidity [9, 10]. 
However, the photostability issues of perovskite cells, such as light-soaking effects 
(LSEs), remain highly challenging because solar cells must work under light 
illumination.

J. Wang 
School of Physical Science and Technology, Ningbo University,  
Ningbo, People’s Republic of China 

College of Energy, Soochow Institute for Energy and Materials InnovationS (SIEMIS), 
Soochow University, Suzhou, People’s Republic of China 

W.-J. Yin (*) 
College of Energy, Soochow Institute for Energy and Materials InnovationS (SIEMIS), 
Soochow University, Suzhou, People’s Republic of China 

Jiangsu Provincial Key Laboratory for Advanced Carbon Materials and Wearable Energy 
Technologies, Soochow University, Suzhou, People’s Republic of China
e-mail: wjyin@suda.edu.cn

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
W. Nie, K. (Kris) Iniewski (eds.), Metal-Halide Perovskite Semiconductors, 
https://doi.org/10.1007/978-3-031-26892-2_12

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-26892-2_12&domain=pdf
mailto:wjyin@suda.edu.cn
https://doi.org/10.1007/978-3-031-26892-2_12


240

Based on existing reports, the PCE of perovskites exhibits two typical modes of 
LSEs under working conditions: (i) The device shows a decrease in PCE after stor-
age in the dark and a gradual recovery of PCE to its initial state under light illumina-
tion (called the self-healing process) [11]. (ii) The PCE of the device gradually 
decreases under continuous illumination and shows a partial or complete self-
healing process when placed in the dark [12, 13]. This anomalous behavior of LSEs 
has not been observed in conventional inorganic photovoltaic (PV) 
semiconductors.

In this chapter, by combining the methods of first-principles defect calculations, 
time-dependent density-functional theory (TD-DFT), and non-adiabatic molecular 
dynamics (NAMD), we discuss the defect properties of hybrid perovskite 
CH3NH3PbI3 (MAPbI3) cell materials and analyze why they exhibit giant, revers-
ible, and bidirectional LSEs, unlike traditional semiconductor cells. This study 
focuses on three typical defects (IPb, Ii, and VI) as examples to further reveal the 
behaviors of LSEs, and the results show that these abnormal LSEs are closely 
related to the stable configurations and properties of defects, ion diffusion barriers, 
carrier lifetimes, etc. Based on these, we develop a unified defect theory for LSEs. 
More importantly, we propose potential strategies for minimizing the LSEs to 
achieve high-performance and long-term stable PSCs.

2 � Calculations Details

The structural, electronic, and defect properties of the MAPbI3 were calculated 
using the Vienna ab initio simulation package (VASP) [14]. Here, the frozen 
projector-augmented wave (PAW) method [15] was used to address the interaction 
between electrons and ions, and the generalized gradient approximation (GGA) 
[16] describes the exchange correlation. The cutoff energy of the plane-wave basis 
was set to 300 eV throughout the calculation process. For crystal relaxation (unit 
cell), the convergence criteria for the total energy and force were set to less than 
1 × 10−5 eV and 0.01 eV/Å, respectively. For the Monkhorst-Pack (MP) mesh [17] 
(k-point) within the first Brillouin zone (BZ), the k-points multiplied by the corre-
sponding lattice constant, which was approximately equal to 30, were used as the 
benchmark. Since this chapter focuses on the properties of intrinsic defects and how 
the device performance is affected with/without external factors, considering that a 
relatively large supercell system is required for these studies, we used a 1 × 1 × 1 
single k-point to perform the simulation because MAPbI3 belongs to a direct-
bandgap system (at the Γ-point). In general, although the GGA functional can 
obtain reliable structures, it is often underestimated in bandgap predictions for 
semiconductor materials. To improve the accuracy of the bandgap, more advanced 
functionals, such as HSE and GW [18, 19], are commonly used. Unfortunately, 
these functionals are mainly suitable for relatively small systems and impractical for 
studying large systems with point defects because of their extremely high computa-
tional cost. Interestingly, for MAPbI3, the GGA method can yield a bandgap value 
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close to the experimental measurements, which is because the errors generated by 
GGA and non-spin-orbit coupling (SOC) cancel each other when they are used 
simultaneously. Thus, the studies on the nature of the intrinsic defects in MAPbI3 
were performed based on the non-SOC-GGA method. Additionally, the climbing 
image-nudged elastic band (CI-NEB) [20] was used to calculate the diffusion energy 
barriers of ion migration.

To investigate the electron-hole recombination dynamic process, we combined 
the Quantum Espresso (QE) [21] and PYthon eXtension for Ab Initio Dynamics 
(PYXAID) [22, 23] packages to perform non-adiabatic molecular dynamics 
(NAMD) simulations. This process is roughly divided into three calculation steps: 
(i) After the optimized structures were obtained at 0 K, all systems were heated to 
300 K in a canonical ensemble using the Nos e

´

 thermostat [24]. Thereafter, a 3 ps 
adiabatic MD trajectory was obtained with an integration time step of 1 fs and an 
Andersen thermostat collision frequency of 0.05 fs−1. (ii) Along the 3 ps MD trajec-
tory, the electronic structure of each frame was used by the QE code, and PYXAID 
analyzed the transition matrix elements and NA electron-phonon coupling (EPC) 
strength between the pairwise states. These time-dependent results were used for 
subsequent NAMD simulations and data analysis. Considering that MAPbI3 is a 
system with a direct bandgap, the calculations for the two parts above were per-
formed under a single k-point (1 × 1 × 1). (iii) NAMD was performed using the 
semiclassical decoherence-induced surface-hopping (DISH) method [25]. The car-
rier lifetimes (τ) were obtained by exponentially fitting the data with the relation-
ship p(t) = exp(−t/τ), where p(t) is the population evolution between the pairwise 
states. To obtain better statistical calculations, we repeated NA coupling once to 
double the data as input for NAMD, where the first half of the data was regarded as 
the initial condition.

3 � Results and Discussions

The LSEs of perovskite solar cell materials are affected by many factors, such as 
defect properties, ion-diffusion energy barriers, carrier lifetime, and light illumina-
tion. Therefore, it is necessary to systematically understand the correlation between 
these factors and the LSEs to guide the improvement of the PV performance of 
perovskites.

3.1 � Defect Properties in Perovskite MAPbI3

In practice, the preparation of perovskites using the solution method near room 
temperature inevitably produces various defects. Although these defects appear to 
be insignificant in size and quantity, they may have effects on some physical proper-
ties of PV materials; they may even directly determine the application direction. 
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Therefore, the theoretical study of the inherent defects of perovskite cells is impor-
tant, and it is necessary to deepen our understanding of these defects.

3.1.1 � Defective Behavior of the Rigid Models

Figure 1a shows the thermodynamic growth environment of cubic-phase (α-phase) 
MAPbI3, based on the first-principles calculations. We can see from the results that 
if the synthesis conditions (or chemical potential) are limited to the red narrow 
range, it will be beneficial to promote the synthesis of MAPbI3. Otherwise, binary 
impurity materials, such as CH3NH3I and PbI2, are generated, which affects the 
perovskite quality. This emphasizes that the delicate control of the synthesis condi-
tions is central to realizing the ideal crystal of MAPbI3. Meanwhile, similar behav-
ior is observed in other phases of MAPbI3 [26], including all-inorganic perovskite 
systems, such as CsPbI3 [27]. This may be related to the ionic character of the 
crystal lattices. In contrast, the growth conditions for conventional semiconductor 
materials with covalent bonds are not particularly significant [28, 29].

For the α-phase MAPbI3 perovskite, we investigated all possible intrinsic defects, 
including two cation substitutions (MAPb, PbMA), three vacancies (VMA, VPb, VI), 
three interstitials (MAi, Pbi, Ii), and four anion-cation substitutions (MAI, PbI, IMA, 
IPb). Since the formation of these defects varies in difficulty during the preparation 
process and depends on the chemical potential, studying the formation energies of 
the defects helps to understand which defects are prone to forming and how the 
defect properties can be regulated by chemical potential. The results are shown in 
Fig.  1b–d, which describe the formation energies under the Pb-poor/I-rich (A), 
moderate (B), and Pb-rich/I-poor (C) states shown in Fig.  1a, respectively. The 
smaller the formation energy, the easier it is for defects to form. For clarity, defects 
with low formation energies are depicted by thick-colored lines, whereas the gray 
dashed lines represent defects with high formation energies. Additionally, Fermi 

Fig. 1  (a) Thermodynamically stable ranges of α-phase MAPbI3, CH3NH3I, and PbI2; points A, B, 
and C represent three different chemical growth environments: A (μMA = −2.87 eV, μPb = −2.39 eV, 
μI = 0 eV), B (μMA = −2.41 eV, μPb = −1.06 eV, μI = −0.60 eV), and C (μMA = −1.68 eV, μPb = 0 eV, 
μI = −1.19 eV). (b–d) show the relationship between formation energy and Fermi levels at the 
chemical potentials A, B, and C, respectively. Adapted with permission from Ref. [7]. Copyright 
2014 AIP Publishing LLC
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pinning evolved from low energy to high energy as the chemical potentials increased 
(A to B to C), implying that the electrical conductivity of MAPbI3 can be trans-
formed from a very good p-type to a very good n-type system. However, such tun-
able behavior is not observed for other semiconductor solar cell materials. For 
example, the p-type doping of Cu(In,Ga)Se2 and Cu2ZnSn(S,Se)4 is relatively easy; 
however, the n-type doping becomes difficult under equilibrium growth conditions 
[30, 31].

The effect of defects on the performance of PV materials depends on the defect 
formation energy and the electrical properties of the defects. Thus, we calculated 
the transition energy levels for all defects in MAPbI3 (see Fig. 2), describing the 
corresponding Fermi levels when the formation energies of two charged states (q 
and q′) are equal and reflecting the difficulty of carrier transition from defect levels 
to band edges in the process of gaining or losing electrons. Combined with the 
results in Fig. 1, it was found that most defects with low formation energies were 
benign because of the shallow transition levels, such as MAi and VI. For defects with 
relatively deep transition levels, such as IMA, IPb, Pbi, and PbI, the formation energies 
of these harmful defects were considerably high, implying that they were not easily 
formed during the growth of MAPbI3. With this unique defect property, OIHPs can 
achieve a PCE higher than 20% by solution synthesis at room temperature.

3.1.2 � Anomalous Defects in MAPbI3

In traditional semiconductor cells, once a defect is formed, the defect properties 
typically do not change accordingly because of the strong covalent nature of the 
crystal, resulting in a slight distortion near the defect. However, such defect 
characteristics are unsuitable for perovskites because of the soft lattice formed by 
ionic bonds.

1.5

1.0

0.5

0.0

1.5

1.0

0.5

0.0
(0/1-)

(0/1+)(0/1+) (0/1+)

(0/1+)
(0/1+) (0/1+)

(0/1-) (0/1-)
(0/1-) (0/1-) (0/1-)

(1-/2-)

(1-/2-)
(1-/2-)

(2-/3-)

T
ra

ns
iti

on
 E

ne
rg

y 
Le

ve
l (

eV
)

Ii IMA IPbMAPb MAi MAI PbIVPbVMA

(1+/2+)

(1+/2+)

(1+/3+)

PbMA PbiVI

(a) (b)

Fig. 2  Transition energy levels of 12 intrinsic defects in MAPbI3, including (a) intrinsic acceptors 
and (b) donors; adapted with permission from Ref. [7]. Copyright 2014 AIP Publishing LLC
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Fig. 3  (a, c, e) represent the local configurations of IPb, Ii, and VI defects and their transitions via 
electron gains and losses and ionic migration, respectively. (b, d, f) represent the calculated forma-
tion energies of IPb, Ii, and VI defects, respectively, at the selected chemical potential (point B in the 
study conducted in Ref. [7]). EF is the Fermi energy referenced to the valence band maximum 
(VBM) level. Adapted with permission from Refs. [32]. Copyright 2021, American Chemical Society

Here, we take the above IPb defect as an example to reveal the anomalous behav-
ior, the rigid mode of which is shown in Fig. 3a. The electronic properties demon-
strate that regardless of the charge state of the defect, the defect states within the 
bandgap always originate from the dislocation bonds between the iodide ions on the 
lattice and the iodide ions on the replacement lead [26], which is in agreement with 
previous theoretical reports [33]. Notably, the above conclusions are based on the 
structures at 0 K; however, it has not been determined if they still hold at room 
temperature.

To address this issue, we performed NVT MD simulations at 300 K and found 
that the rigid model of IPb spontaneously transformed into stable configurations 
depending on the charge states, as shown in Fig. 3a for the bridge-iodine (BI) and 
trimer-iodine (TI) structures. The new structures can be viewed as the complex 
defects of both Ii and VPb, as supported by the theoretical work of Buin et al. [33], 
who showed that the rigid model is unstable based on the defect binding energies. 
Comparing their total energies, it was found that TI was more stable than the other 
structures (i.e., the rigid and BI models) for +1, 0, and −1 charged IPb, while for −2 
and −3 charged states, BI became stable. Based on these results, we propose two 
possible points: (i) It was revealed that the rigid model IPb is unfavorable to form 
under the actual synthesis process of MAPbI3, which mainly exists in BI or TI struc-
tures. (ii) Once the defect gains/loses electrons, iodine ions driven by the energy 
provided by the external thermal annealing or light soaking are beneficial for over-
coming the kinetic barriers and realizing the transition between BI and TI 
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structures, as shown in Fig. 3a. Additionally, electronic structure studies showed 
that the BI structures in IPb

−2  and IPb
−3  were defect-free within the bandgap, implying 

that the effect of new structures on the device performance may be different from 
that of traditional rigid models.

Figure 3b shows the formation energies of stable IPb at moderate chemical poten-
tials, which are significantly lower than those of the rigid model [7]. In particular, 
the high stability of IPb

−3  afforded only one transition level within the bandgap, 
(−1/−3), which evolved from both (−1/−2) and (−2/−3) in the rigid model. When 
the Fermi level of the system was lower than 0.59 eV, the dominant charge state for 
IPb was −1, and it aggravated the recombination rate of carriers because of the 
strongly localized trapping state caused by iodine dislocation bonds, which is very 
unfavorable for PV performance. If the Fermi level is higher than 0.59 eV, the −3 
charged state becomes the main defect. Owing to the absence of a defect state, the 
device performance is typically not affected.

Additionally, such abnormal behavior was found in other intrinsic defects, such 
as the Ii and VI in MAPbI3; their localized structures are shown in Fig. 3c and e, 
respectively. The results demonstrated that Ii in the low-charge state (−1) was the BI 
structure, while the high-charge state (+1) was the TI model. Owing to their struc-
tural similarities, the electronic natures of defects Ii

+1  ( Ii
0 ) and Ii

−1  were similar to 
those of IPb

−1  and IPb
−3 , respectively. For stability, Fig. 3d indicates that Ii

0  is energeti-
cally unfavorable compared to either Ii

+1  or Ii
−1  over the entire range of Fermi levels 

within the bandgap, and it is a characteristic of typical negative-U defects. Among 
them, the relatively deep transition level (+1/−1) located at 0.41 eV above the VBM 
may accelerate carrier recombination, thereby resulting in a detrimental defect in 
MAPbI3. This is consistent with previously published results [34, 35]. For VI, unlike 
IPb and Ii, the local structures are Pb dimer (VI

−1 ) and non-dimer (VI
+1  and VI

0 ), 
respectively, and we observed that VI

+1  dominated the Fermi level over the entire 
range of the bandgap (see Fig. 3f). However, Agiorgousis et al. [36] demonstrated 
that VI

−1  with a Pb-dimer configuration is stable if the Fermi level is 0.19 below the 
conduction band maximum (CBM), which is obtained based on the PBE functional. 
Kang et al. considered SOC in the optimization of VBr in CsPbBr3 and found that 
two Pb ions near VBr were converted from a dimer structure without the SOC method 
to a non-dimer structure, and the defect state disappeared [37].

Pbi, PbMA, and IMA have similar characteristics; their common feature is the for-
mation of strong covalent bonds via Pb dimers and I trimers in their stable structures 
[36]. These cases reveal that when studying the PV properties of perovskites, the 
stable structure of intrinsic defects should be verified from the following aspects:

	(i)	 MD simulations. The structure obtained based on the 0 K optimization may be 
a metastable configuration, while the MD simulation using 300 K reproduces 
the actual environment, which is beneficial for defects to tend to a more sta-
ble state.

	(ii)	 Optimization algorithm. Since perovskite contains the heavy element Pb, the 
influence of the SOC effect on structural stability is worth considering.
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3.2 � Calculation of the Ion-Migration Barriers

Experiments have demonstrated that ion migration in perovskites can produce 
numerous observable phenomena, such as photocurrent hysteresis, LSEs, and light-
induced phase separation. Therefore, understanding the microscopic mechanism 
behind ion migration is very important because it can provide clues for the develop-
ment of perovskites with high stability and improved PV performance.

Although most studies have calculated the ion-migration barrier of MAPbI3, 
there are significant discrepancies in the values [38–40]. Such discrepancies depend 
on many factors, such as the selection of the perovskite phase and parameter setting, 
which significantly hinder the understanding of the ion-migration process, as well 
as the evaluation of the dominant migratory ion. To exclude the interference of 
external factors, Yang et  al. calculated the diffusion barriers of four low-energy 
defects in MAPbI3 using a unified standard [41]. The results shown in Table 1 indi-
cate that ions are more likely to migrate along the ab plane than the c axis. 
Meanwhile, VI

+1 , Ii
−1 , and MAi

+1  have low diffusion barriers (0.19–0.38  eV), 
revealing that these defects can diffuse through iodine and MA ions at room tem-
perature, and the corresponding diffusion paths are shown in Fig. 4, which describes 
the geometric structures at the initial, transition, and final states, respectively. 
Additionally, VI

+1  exhibited a significantly low defect formation energy according 
to the analysis in Sect. 3.1. Therefore, the combination of these factors suggests that 
VI

+1  was the dominant diffusion defect in MAPbI3.
Notably, in early studies, ion migration was mainly analyzed and discussed from 

the point of view that the system was in equilibrium, and its initial and final states 
were typically the same structure. However, the physical mechanism by which 
external factors, such as illumination, regulate the ion-migration process is still 
lacking because perovskite cells must operate under solar illumination.

Figure 2 shows that the defect configurations and their properties in the ground 
state depend on the Fermi level of the system. If the Fermi level was higher than 
0.59 eV, the defect states (DS) in stable IPb

−3  with the BI configuration resonated with 
the VB. Under light illumination, the electrons in the VB were excited to the CB, as 
shown in Fig. 5a. This caused the dominant IPb

−3  to lose electrons and transform into 
the relatively high-charge states ( IPb

−2 , IPb
−1 , IPb

0 , and IPb
+1 ) at BI, which was because 

the geometrical response lagged far behind that of electrons. Since BI structures at 
this time were metastable for IPb

−1 , IPb
0 , and IPb

+1 , these defects evolved into stable TI 

Table 1  Diffusion barriers (in eV) for VI
+1 , VMA

−1 , Ii
−1 , and MAi

+1  along the ab plane and c axis in 
β-MAPbI3

VI
+1 VMA

−1 Ii
−1 MAi

+1

ab plane 0.26 0.62 0.19 0.38
c axis 0.34 0.89 0.33 0.48

Adapted with permission from Ref. [41]. Copyright 2016 American Chemical Society
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Fig. 4  Diffusion paths of VI
+1 , Ii

−1 , and MAi
+1  along ab plane: the initial (a, d, g), the transition 

(b, e, h), and the final (c, f, i) state; in parts (g–i), the two MA ions involved in the kick-out process 
of the MAi

+1  diffusion are labeled (1) and (2). Adapted with permission from Ref. [41]. Copyright 
2016 American Chemical Society

structures through ion migration (see the diffusion path shown in Fig. 3). The transi-
tion barrier between different configurations of IPb, as shown in Fig. 5b, indicated 
that the metastable BI structure only needed to cross a small activation energy bar-
rier to transform into a stable TI structure, while the inverse process became diffi-
cult. In this case, illumination promoted the population transition from the BI to TI 
structure. When the Fermi level was less than 0.59 eV, for the stable IPb

−1 , the anti-
bonding ppσ* state formed by the dislocated bonds obtained electrons from the VB 
under illumination, as shown in Fig. 5c, and transitioned into low-charge states ( IPb

−2  
and IPb

−3 ) and vice versa for ion diffusion. Both Ii and VI had similar defect behav-
iors, except that the metastable structures for Ii

−1  in the TI configuration and VI
+1  in 

the Pb-dimer configuration did not exist, and the transition barriers are shown in 
Fig. 5d and f, respectively.
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Fig. 5  (a, c, e) represent the formation mechanisms of the defect levels for IPb
−3  ( Ii

−1 ), IPb
−3  ( Ii

−1 ), 
and VI

+1  ( VI
−1 ), respectively, and the corresponding electron gains and losses in the DS under 

illumination. (b, d, f) Represent the transition barriers between different configurations for each 
charge state of IPb, Ii, and VI defects, respectively. Adapted with permission from Refs. [32]. 
Copyright 2021, American Chemical Society

Interestingly, the surface of MAPbI3 was favored for the formation of VI because 
VI has a relatively low formation energy, which is even lower than that of the bulk 
phase (see Fig. 6a), exhibiting a negative-U behavior. The transition level (+1/−1) 
was located at 1.18 eV above the VBM. Based on the transition energy barriers and 
their stable local structures, as shown in Fig.  6b and c, it was observed that VI 
defects under illumination can realize the transformation of both defect configura-
tions and positions between the first layer and second layer through the iodine 
migration [26].

3.3 � Effect of Doping on Ion Migration in Perovskite

Cao et al. incorporated extrinsic alkali cations (including Cs+, Rb+, K+, Na+, and Li+) 
into perovskite FAPbI3 based on DFT calculations and proposed a new mechanism 
for the inhibition of ion migration [42]. Figure  7a shows possible structures for 
alkali cation substitution at an A site and occupancy at an interstitial site, and their 
local configurations are shown in the red-dashed box (b) and blue-dashed boxes (d), 
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Fig. 6  (a) Formation energies of VI defect as a function of the Fermi level at a specific chemical 
potential (point B) [26]; the red-dashed line and blue-solid line represent the formation energies of 
VI in the bulk and near the surface, respectively. (b) The transition barriers between the outermost 
layer (first layer) and subsurface layer (second layer) for each charge state of VI defect; (c) the 
structural evolution of the dominant surface VI

+1  in the first layer and VI
−1  in the second layer, 

marked with the red and blue arrows, respectively; the black arrows represent the migration direc-
tion of the iodine ions. Adapted with permission from Ref. [26]. Copyright 2022 American 
Chemical Society

Fig. 7  Thermodynamic and kinetic properties of alkali cation incorporation (Cs+, Rb+, K+, Na+, 
and Li+); (a) the possible locations of alkali cations in FAPbI3, (b) at the A site and (d) at the inter-
stitial site; (c) ΔH of alkali cation incorporation at an A site and an interstitial site; (d) the illustra-
tion of the I− diffusion pathways, using FAPbI3 with K+ at an interstitial site as an example; (e) the 
comparison of the I− diffusion barriers in FAPbI3 with and without interstitial K+; adapted with 
permission from Ref. [42]. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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respectively. The formation energies (ΔH) of alkali cation incorporation at several 
concentrations in FAPbI3 were analyzed; see Fig. 7c. From these results, the follow-
ing conclusions can be drawn. (i) Both types of occupancy are thermodynamically 
possible when the percentage of alkali cations is small (≤6%). (ii) Interstitial occu-
pation becomes more favorable as the concentration of alkali cations decreases. (iii) 
For the largest alkali (Cs+) ions at considerably low concentrations (0.5%), the inter-
stitial occupancy is even more stable than the A-site occupancy. Additionally, the 
authors studied the substitution of Pb ions at the B site with alkali cations and found 
that the formation energy was significantly higher than that of both types of 
occupancy.

Figure 7d shows the diffusion paths of I along several different directions with 
and without the interstitial occupancy of K+. The calculated results of I− migration 
barriers for each diffusion path are shown in Fig. 7e, from which it can be seen that 
the introduction of K+ effectively raises the diffusion barriers in all diffusion paths, 
including ab, ac, ad, and reverse migrations. This was mainly attributed to three fac-
tors: (i) K+ ions suppressed the iodine diffusion by blocking part of the diffusion 
path, such as the diffusion processes of ab (or ba) and ac (or ca). (ii) When K ions 
were incorporated into the system, the formation of VI (i.e., the generation of free 
iodine ions) required more energy than that required in the pure perovskite host, as 
reflected by the defect formation energy [42, 43]. (iii) The introduction of K ions 
perturbed the original periodic potential field, resulting in the reorientation of FA+, 
thereby enhancing the interaction between cations (FA+) and anions (I−). Therefore, 
the combined effect of these factors suppressed iodine ion diffusion, reduced the 
hysteresis of the I–V curve, and improved the photostability of FAPbI3 solar cells.

Additionally, the incorporation (doping) of extrinsic ions effectively suppressed 
the formation of detrimental defects. Here, for example, Fig. 8a and b shows the 
stable crystal structures of VI

−1  without and with Br doping, respectively, and it can 
be seen that Br doping causes VI

−1  defects to transition from dimer to non-dimer 
structures. The breakdown of the original Pb-dimer bonds can be ascribed to the 
following two reasons [44]. First, the bond length of Pb-Br was shorter than that of 
Pb-I, as reflected by the small radius of Br− (1.96 Å) than I− (2.20 Å) and smaller 
lattice constant of MAPbBr3 (5.94  Å) than MAPbI3 (6.31  Å). Second, the bond 
energy of Pb-Br was stronger than that of Pb-I because of the strong electronegativ-
ity of Br, which can be reflected by the bulk moduli of MAPbBr3 (26.42 GPa) and 
MAPbI3 (20.24 GPa). Resultantly, Br had a relatively strong driving force to break 
the Pb-Pb dimer and drag the Pb atoms to their original lattice sites. For the barriers 
for the transition between the dimer and non-dimer structures, as shown in Fig. 8c, 
compared with the case without Br doping, it was observed that the Pb-Pb dimer 
became a metastable structure after Br doping. Further, the diffusion barrier 
decreased to 0.06 eV, implying that the Pb-dimer structure easily transformed into 
the non-dimer structure. Meanwhile, the transition from a non-dimer structure to a 
detrimental dimer structure became very difficult because this process needed to 
overcome a large energy barrier of 0.24 eV.
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Fig. 8  (a) and (b) show the stable crystal structures of VI
−1  before and after Br doping, respec-

tively. (c) The transition barriers between the dimer and non-dimer structures for MAPbI3 and 
MAPb(I0.96Br0.04)3; adapted with permission from Refs. [44]. Copyright 2019 WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim

3.4 � Carrier Dynamic Behavior in Defective Systems

Previous studies on the influence of intrinsic defects on solar cell performance (car-
rier lifetime) were mainly based on qualitative analysis of both the defect transition 
level and the Shockley-Read-Hall (SRH) theory. Since the electron-phonon cou-
pling (EPC) effects were not considered, quantifying the carrier lifetime of defects 
from first-principles simulations became difficult and relied mainly on experimental 
measurements. However, experimentally obtained carrier lifetimes were often the 
result of the combined effects of multiple defects, making it difficult to assess the 
degree to which each type of defect affected the device performance and what role 
they play (i.e., benign or detrimental defects). In recent years, the EPC in semicon-
ductor materials has been efficiently calculated based on a variety of new algo-
rithms to realize the quantitative analysis of carrier-capture rate and the carrier 
lifetime of defects, determine if it is an effective non-radiative recombination center, 
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and limit the PV efficiency. These methods have been applied to a wide range of 
photoexcitation dynamics studies, including defects, grain boundaries, dopings, and 
interfaces [26, 44–48], and provide an important means for understanding the 
dynamic process of carriers.

3.4.1 � Analysis of Defect Carriers Based on Static Coupling Formalism

For example, although the calculations by Buin et al. [33, 49] demonstrated that the 
anti-site PbI defect in MAPbI3 perovskite has a deep energy level within the band-
gap and shows a high concentration under I-poor growth conditions, the problem of 
the carrier-capture rate is still unclear. Li et al. calculated the non-radiative recom-
bination rate of the PbI defects using the static coupling formalism [50], where the 
non-radiative recombination probability is given by the following formula [51]:
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where indicators i(m) and f(n) represent the initial and final electronic (phonon) 
states, respectively, and k pervades the entire phonon mode. ∆E represents the 
energy difference between the initial Ei0 and final Ef0 states. Em and En are the pho-
non energies of the initial and final states, respectively. p(i, m) is the probability that 
the entire system is in its initial phonon state. The EPC strength is described by 
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� , and 〈χn|Qk|χm〉 is defined as the lattice transition matrix element, which 

can be obtained using path integral techniques and Gaussian integration [52–54].
The carrier-capture rate (B) of defects can be calculated using the formula B = Wfi 

V, where V represents the volume of the entire supercell. The capture cross section 

σ is described by B/〈v〉, where 〈v〉 is the thermal velocity, 
3k T

m
B
∗ , which depends 

on the temperature T and effective mass m∗ of the electron or hole carriers. According 
to previous theoretical studies, the effective masses of the electron and hole carriers 
for MAPbI3 are me

∗  = 0.19 m0 and mh
∗  = 0.25 m0, respectively [55].

Figure 9a shows the formation energies of PbI at all charge states in β-MAPbI3. 
Since the probability of trapping more holes (electrons) simultaneously is typically 
very small, the main concern here is to capture carriers via the (+/2+) transition 
level, i.e., PbI

+  captures a hole from the VBM and transitions into PbI
+2 , and PbI

+2  
captures an electron from the CBM and transitions into PbI

+ . Figure 9b describes 
the process of carrier trapping by the deep-level defect states, that is, capturing holes 
from the VBM and electrons from the CBM, and generating phonons. The calcu-
lated results of the carrier-capture rate showed that it was positively correlated with 
the temperature (Fig. 9c and d). For PbI

+ , its hole-capture rate and cross section at 
300 K were Bh = 4.1 × 10−7 cm3/s and σh = 1.8 × 10−14 cm2, respectively. For PbI

+2 , 
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Fig. 9  (a) The formation energy of anti-site PbI defect at different charge states; (b) the schematic 
of the non-radiative carrier capture of the electron or hole through the defect level within the band-
gap; (c) and (d) represent the relationship between the hole and electron-capture rates of PbI and 
transition levels at different temperatures, respectively. Adapted with permission from Ref. [51]. 
Copyright 2017 American Physical Society

they were Be = 2.8 × 10−9 cm3/s and σe = 1.0 × 10−16 cm2, respectively. These values 
are larger than those of conventional semiconductors. To give a few examples, when 
Au is doped in silicon, the σe and σh are 3.5 × 10−15 cm2 and 3.5 × 10−15 cm2 [56], 
respectively; � e ZnSn�� �  in Cu2ZnSnS4 is 4.7 × 10−18 cm2 [57]. The large cross sec-
tion of MAPbI3 was mainly due to the heavy Pb-I atoms and soft phonon modes. To 
achieve carrier lifetimes higher than 1 μs, the concentrations of PbI

+  and PbI
+2  

should be lower than 2.4 × 1012 cm2 and 3.6 × 1014 cm2, respectively. Based on this, 
they proposed an empirical criterion for the quick identification of effective non-
radiative recombination centers [57]: when the defect captures carriers, the nearby 
configuration undergoes considerable structural relaxation, implying that there may 
be a large carrier-capture cross section.

3.4.2 � Analysis of Carrier Dynamic Behavior via the NAMD Method

To understand the dynamic behavior of carriers after photoexcitation, it is necessary 
to understand the dynamic process of carriers trapped by defect states according to 
their electronic structures. Figure 10a–d shows the process of trapping the carriers 
of three defects (IPb, Ii, and VI) in different charge states using the defect states in 
β-phase MAPbI3, where the red and blue arrows indicate the relaxation/trapping 
process of electrons and holes, respectively. It was observed that the defect states in 
the bandgap made the recombination channel of the carriers more complicated.

Figure 10e–g plots the evolution of the population of the first excited state in the 
three defect systems, using the recombination rate to solve the coupled kinetic equa-
tion [48]. The results showed that the carrier lifetime of the defect with the deep 
level in the bandgap was one order of magnitude lower than that of the defect-free 
systems. For example, the TI configuration of IPb was only 3–6 ns, while BI had the 
order of tens of nanoseconds. This behavior was similarly possessed in iodine 
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Fig. 10  Electron-hole recombination channels of (a) IPb
−2 , IPb

−3 , Ii
−1 , and VI

+1 ; (b) IPb
+1 , IPb

0 , IPb
+1 , 

and Ii
+1 ; (c) Ii

0 ; and (d) VI
0  and VI

−1 . Number 1 indicates the direct non-radiative recombination 
between the electrons in the CBM and the holes in the VBM. Number 2 is the electron trapping 
from the CBM to DS. Number 3 is the recombination of the trapped electron in DS with holes in 
VBM. Number 4 is the hole trapping from VBM to DS. (e–g) are the non-radiative e–h recombina-
tion dynamics for IPb, Ii, and VI at different charge states. Adapted with permission from Ref. [32]. 
Copyright 2021 American Chemical Society

interstitials and vacancies. Among them, Ii
+1  (8.57 ns) and VI

−1  (5.94 ns) were sig-
nificantly lower than the other charge state systems. These data revealed that the 
deep DSs accelerated the recombination rate of photogenerated carriers, which was 
attributed to the strong EPC strength between DSs and band edges, thereby affect-
ing the PCE of the MAPbI3 cell.

Conversely, ion migration under nonequilibrium had a strong effect on the car-
rier lifetime. Tong et al. combined TD-DFT and NAMD methods to study the cor-
relation between VI migration and the carrier recombination rate in the α-MAPbI3, 
as shown in Fig. 11. Further, they demonstrated that ion migration accelerates car-
rier recombination because the carrier lifetime scale (~10−2  ns) is significantly 
shorter than that of pristine perovskite (~ns) [58]. This result indicates that the 
beginning of the VI defect no longer begins a defect during the migration process, 
which is consistent with the conclusions reported by many experiments [59–61]. 
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Fig. 11  (a) Schematic of I− diffusion in the α-MAPbI3. (b) The decay of the excited-state popula-
tion in the iodine-migrated perovskite; the entire process is divided into three steps, including I, II, 
and III. Adapted with permission from Ref. [58]. Copyright 2020 American Chemical Society

Therefore, ion migration should be avoided to reduce the charge carrier losses and 
improve the PCE of halide perovskites.

To suppress the influence of negative factors on PV performance, we investigated 
the doping of a small amount of Br in α-MAPbI3 and analyzed its effects on the car-
rier lifetime of VI before and after doping. In the previous section, based on first-
principles calculations, we qualitatively understood how Br doping passivates the 
DX center. The corresponding results for the carrier transition and recombination 
dynamic processes are shown in Fig. 12. Br doping increased the lifetime of excited 
electrons in the conduction band, from 3.2 ns to 19 ns, depending on the following 
aspects: (i) Decreased defect states. As shown in Figure (c), it is reflected that the 
carrier recombination channels are reduced. (ii) Reduced EPC. This is because the 
Pb-Pb-dimer bond was broken, saturating the iodine dangling bond (Fig. 8). Further, 
this can be reflected by calculating the standard deviation of the inorganic atoms at 
300 K, as shown in Table 2, where small deviations indicate small atomic fluctua-
tions. The calculation of the carrier lifetime provided direct theoretical evidence that 
Br doping can effectively passivate the detrimental VI

−  in MAPbI3, as supported by 
the experimental conclusions [62–64]. For example, Kiermasch et al. found that the 
introduction of Br increased the carrier lifetime by ~2.75 times compared with the 
pristine system through transient photovoltage (TPV) and charge carrier extraction 
(CE) measurements [64].

3.5 � LSEs in Perovskite

LSEs refer to the change in solar cell performance over time when exposed to light 
illumination. This behavior is common in PV materials, including traditional semi-
conductor cells, such as Si, CdTe, and Cu(In,Ga)Se2, as well as novel perovskites, 
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Fig. 12  Investigation of the carrier recombination process of VI
−  in MAPbI3 (a) and 

MAPb(I0.96Br0.04)3 (c); among them, 1, formation of photoexcited holes and electrons; 2, direct non-
radiative recombination between the VBM and CBM; 3, 5, the capture of holes by defect states 
(DS-1, DS-2, or DS-3); 4, 8, the trap-assisted recombinations of electrons from the CBM; 6, the 
detrapping of holes from shallow defect level (DS-2) to VBM; 7, the decay of trapped holes from 
DS-2 to DS-1; (b) and (d) are the evolution of the population of the key states in (a) and (c), respec-
tively; adapted with permission from Ref. [44]. Copyright 2019 WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim

Table 2  Standard deviation (Å) of atomic positions in MAPbI3 and MAPb(I0.96Br0.04)3

Pb-I/Bra Ib

MAPbI3 0.495 0.635
MAPb(I0.96Br0.04)3 0.469 0.427

aAverage over Pb and I/Br atoms
bI atom with the dangling bond; adapted with permission from Ref. [44]. Copyright 2019 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 13  (a) The efficiency of various PV materials changes over time. [a] Perovskite [11, 12]; [b] 
CdTe [65]; [c] Si [65]; [d] CIS [65, 66]. Two self-healing modes: (b) degradation in the dark and 
recovery under light illumination; (c) degradation under light illumination and recovery in the 
dark; adapted with permission from Ref. [32]. Copyright 2021 American Chemical Society

such as typical MAPbI3, as shown in Fig.  13a. Notably, the PCE of perovskites 
shows a change (~50%) in just a few hours and even shows a different trend of 
change under illumination.

Taking IPb defect as an example, combined with the analysis of defect formation 
energy, ion diffusion barrier, and carrier lifetime calculation in the previous sec-
tions, if the Fermi energy level is below the VBM of +0.59 eV in the dark, the TI 
structures of IPb

−1  are dominant and act as effective carrier centers because of the 
short carrier lifetime. Once illuminated, the detrimental IPb

−1  defects trap electrons 
and transform into the BI structures of IPb

−2  and IPb
−3 , thereby exhibiting long carrier 

lifetimes. This process corresponds to the “self-healing under illuminant” observed 
in the experiment, as shown in Fig. 13b. If the light is turned off, the high-energy BI 
structures transform into the stable TI structures of IPb

−1  under the ground state, cor-
responding to the “degradation in the dark” process.

Conversely, if the Fermi level is higher than VBM of +0.59 eV, the BI structures 
of IPb

−3  with a long carrier lifetime are dominant. Upon illumination, the benign IPb
−3  

defects lose the electrons and transition into the TI structures ( IPb
−1 , IPb

0 , and IPb
+1 ) 

with a short carrier lifetime, which corresponds to the process of “degradation under 
light,” as shown in Fig. 13c. When the light was turned off, the TI structures in the 
excited state were unstable and transformed into stable BI structures under an equi-
librium state, making the BI structures of IPb

−3  dominant again, corresponding to the 
process of “self-healing in the dark.”

Further, the other defect-induced LSEs can be explained by the analytical meth-
ods described above, such as Ii and VI. They have the following common features. 
(i) The defect configurations depend on the charge states: the defects in different 
charge states have different stable configurations. (ii) There are differences in the 
carrier lifetimes of the different configurations. (iii) The transition barriers between 
the different defect configurations are low. As a result, perovskites exhibit the grant, 
reversible, and bidirectional LSEs observed experimentally. Additionally, 
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Fig. 14  Left panel: the degradation process of photoluminescence (PL) intensity under light illu-
mination and PL recovery in the dark. Right panel: the evolution of two configurations at the 
atomic level corresponding to the left panel; adapted with permission from Ref. [67]. Copyright 
2020 American Chemical Society

all-inorganic CsPbBr3 perovskite quantum dots (PQD) exhibit the behavior of LSEs 
[67], as shown in Fig. 14, which is ascribed to the migration of iodide ions on the 
PQD surface. Under illumination, the iodine ion migration forms VI, lattice distor-
tion, and fluorescence quenching. In the dark, the migrated iodine ions spontane-
ously migrate back and fill VI defects, resulting in fluorescence recovery.

To mitigate the impact of LSEs on the performance and stability of perovskite 
solar cells, we propose three possible methods based on the defect commonality that 
causes LSEs:

	 (i)	 Decreasing the defect concentration. This requires the synthesis of high-quality 
perovskite crystals to avoid the formation of numerous defect configurations.

	(ii)	 Minimizing the number of different defect configurations. For example, we 
can effectively suppress the formation of detrimental Pb-dimer defects after 
electron capture by introducing an appropriate amount of Br.

	(iii)	 Raise the diffusion energy barrier of ions, particularly halogen ions. For exam-
ple, A-site and B-site doping have been shown to increase the ion diffusion 
barrier and phase stability of perovskites [42, 68–70], thereby reducing LSEs.
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4 � Conclusions

In conclusion, this chapter systematically discusses why perovskite solar cells, 
unlike traditional PV materials, exhibit giant, reversible, and bidirectional LSEs 
from an atomic-level perspective. First, we concluded that MAPbI3 perovskite has 
excellent photoelectric performance, which is attributed to its unique defect charac-
teristics. Second, it was found that some abnormal configurations of intrinsic defects 
are stable at specific charge states, thereby affecting the defect properties, such as 
IPb, Ii, and VI. Third, by combining the factors of illumination and ion diffusion, we 
established a transition mechanism between the different defect configurations. 
Additionally, NAMD demonstrated that both deep-level defects and ion diffusion 
accelerate the carrier recombination rate and revealed the effectiveness of external 
ion doping on the enhancement of the carrier lifetime and diffusion barrier. The 
combined effects of these factors enabled us to gain a relatively deep understanding 
of the physical picture behind LSEs. More importantly, based on these results, we 
propose potential strategies for minimizing LSEs to achieve high-performance and 
long-term stable PSCs.
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Single-Crystal Halide Perovskites 
for Transistor Applications

Feng Li

Halide perovskites have emerged as a promising family of candidates with a unique 
combination of extraordinary optoelectronic properties and facile solution-processed 
synthetic and fabrication routes, gaining tremendous achievements in broadly 
ranged energy-related and optoelectronic applications, such as solar cells, light-
emitting diodes, photodetectors, and photocatalysis. Recent advances have also 
demonstrated the extraordinary electronic properties, mainly including high carrier 
mobilities and ambipolar characteristics, making this class of semiconductors ideal 
for high-performance transistor devices with multifunctions. In comparison to the 
polycrystalline counterparts, halide perovskite single crystals featuring low defects 
and trap densities exhibit more remarkable carrier dynamics and enhanced stabili-
ties, holding significant potentials for transistor applications. In this chapter, we 
overview the field of emerging transistors that are made by solution-processed 
single-crystal perovskites as well as discuss the remained challenges and future 
opportunities. We begin with the brief introductions on the basics of transistors; 
then, we discuss the unique features of these perovskite crystals in detail, such as 
tunable bandgap, reasonable carrier mobility, ambipolar charge transport, and defect 
and trap characteristics, facilitating the transistor devices. Thereafter, we highlight 
the survey on the recent achievements regarding transistors based on single-crystal 
perovskites in various forms. Finally, we provide our perspectives on the main chal-
lenges and future developments of this research field.
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1 � Introduction

Perovskite halide materials, described by ABX3 (where A stands for monovalent 
metal/organic cation, B represents divalent metal cation, and X is halogen anion), as 
a promising family of light-sensitive materials have aroused remarkable interest in 
a series of optoelectronic, energy-related, sensing, and radiation detection applica-
tions, owing to their eminent optoelectronic and physical features, including strong 
light absorption, ultralong carrier lifetime, and high photoemission, along with their 
facile synthesis and fabrication processing [1–4]. In general, the applications based 
on halide perovskites in optoelectronics are cantered mainly on their polycrystalline 
thin-film ones. In spite of the great achievements received in various device applica-
tions, perovskite polycrystalline films typically suffer from grain boundaries, rela-
tively higher trap densities and defects, and low stability; these would hinder the 
enhancements of device performance and impede further industrialization [5–10]. 
Closely following the rapid development of perovskite polycrystalline samples and 
the related devices, there existed various forms and dimensions of halide perovskites, 
such as single crystals, low-dimensional perovskites in both the “structure level” 
and “molecular level”, or nanostructured ones, which have also evoked attractive 
interests in both the fundamental research and practical device applications.

Impressively, halide perovskite single crystals demonstrate the outstanding char-
acteristics such as free of grain boundaries, ultralow trap density and defects, excel-
lent optical features, and highly improved carrier lifetimes, being attractive in 
photovoltaics and various optoelectronics [6, 11–16]. More importantly, intensive 
theoretical calculations and experimental investigations on perovskite crystals also 
showed promising charge carrier dynamics, in particular ambipolar transport behav-
iors, high carrier mobilities, and ultralong carrier diffusion lengths [16–18]. 
Benefiting from these advantages combined with the cost-effectiveness, excellent 
stabilities, and solution-phase procedures, single-crystal perovskites also demon-
strate great potentials as the leading successor via alternating with the traditional 
semiconducting materials for electronics. In this sense, single-crystal perovskites in 
both the bulk and thin forms have recently been applied in the prototypical elec-
tronic devices, field-effect transistors (FETs); at the same time, there have been 
extensive research efforts devoted to developing effective strategies for the improve-
ments of perovskite crystal qualities and FET device performance, as well as for the 
probing of carrier transport mechanism within perovskite crystals, including carrier 
scattering and trapping, ion migration effect, hysteresis, and electronic structure 
through such a device platform.

Despite the ongoing processes and growing research efforts on the FETs based 
on perovskite single crystals, demonstrating considerable advantages and poten-
tials, there still exist some limitations and challenges, like working mechanism, 
device yield, ion migration, as well as environmental stability and circuit integra-
tions; addressing them would allow for enabling the real-world electronic applica-
tions. In this chapter, we comprehensively review the recent advances and facing 
challenges of solution-grown perovskite crystals for FETs. We begin by briefly 
introducing the fundamentals of transistors. Following by presenting the unique 
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features of perovskite crystals that are critical to the advanced FETs as well as the 
solution-based syntheses for different forms and dimensions of perovskite crystals, 
recent achievements on perovskite crystal FETs along with their working mecha-
nism are detailly summarized and discussed. At last, we identify the main chal-
lenges faced by the community and explore the possible opportunities to develop 
optimized perovskite crystal FETs for practical applications.

2 � Fundamentals of Field-Effect Transistors

2.1 � Device Structure

FET devices are the essential building blocks in various electronic devices, which 
mainly possess the function of switching and/or amplifying electronic signals via 
applying an additional gate field. Normally, a FET is constructed using three main 
components, including (i) active semiconductor channel, (ii) dielectric layer, and 
(iii) source/drain and gate electrodes. In detail, FETs, as the typical three-terminal 
devices, consist of the source, drain, and gate contacts [19–23], where the dielectric 
layer separate the active semiconductor layer and the gate electrode (Fig. 1a). Both 
the source and drain electrodes contact the active channel directly; the distance 
between the source and drain electrodes is defined as the channel length (L), and the 
width of them is the channel width (W).

Generally, FETs mainly have four types of device configurations, including 
bottom-gate/top-contact (BGTC), bottom-gate/bottom-contact (BGBC), top-gate/
bottom-contact (TGBC), and top-gate/top-contact (TGTC) (Fig.  1a–d) [21]. The 
performance of FET devices employing the same semiconductor materials and 
active channels but different device structures may differ somehow, which can origi-
nate from the different interface properties, mainly including the ones between 
active channels and electrodes and/or dielectrics. As to perovskite FETs, although 
all the abovementioned four device structures have been reported [19, 20, 23–25], 
most of them were still produced on the basis of the bottom-gate constructions con-
sidering their facile fabrication processing [19, 24, 26–29]. It is noted that the top-
gate structured FETs could offer the benefits of controlling or tuning the interfaces 
between perovskite active layer and/or dielectric layer and/or gate electrode, thus 
optimizing device performance.

2.2 � Device Characterization

The standard characterizations of FET devices embody the tests of transfer (Fig. 1e 
and f) and output characteristics (Fig. 1g) [20, 22]. As for the transfer mode, the 
drain currents (Ids) are tested with the sweeping gate voltage (Vgs) while keeping the 
constant drain-source voltage (Vds). The output curves are obtained by measuring Ids 
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Fig. 1  Transistor structures and characterizations. (a) Typical three-terminal top-contact/bottom-
gate (TCBG) transistor, consisting of source/drain electrodes, semiconductor active channel, 
dielectric, and gate electrode. (b) Bottom-contact/bottom-gate (BCBG), (c) bottom-contact/top-
gate (BCTG), and (d) top-contact/top-gate (TCTG) transistors. (e) Transfer characteristic in satu-
ration regime. (f) Transfer characteristic in linear regime. (g) Output characteristic showing drain 
current as a function of drain bias with setting a series of different constant gate voltages

as a function of Vds while setting Vgs at the different step values. Normally, the FET 
device performance can be assessed through the following parameters, including 
charge carrier mobility (μ), on/off ratio (Ion/Ioff), threshold voltage (Vth), and sub-
threshold swing (SS).

Charge carrier mobility – μ – is a key parameter for characterizing FET device 
performance and semiconductor properties, in particular the carrier transport capac-
ity. In detail, in the saturation regime, Ids values can be obtained by (Fig. 1e) [22, 23]:

	
I

W

L
C V Vds gs th� �� �

2

2
� i

	 (1)

F. Li



269

in which Ci is the capacitance per unit area of the dielectric. From this equation, the 
square root of Ids is directly proportional to Vgs; thus, the saturation carrier mobility 
(μsat) is extracted via [22, 23]:
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In the linear regime (Vds > Vgs) (Fig. 1f), the I–V curves can be expressed analytically 
as [22, 23]:
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The linear carrier mobility (μlin) can thus be extracted from the transfer curves of 
FETs in the linear regime and via using the following formula [22, 23]:
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On/off ratio—Ion/Ioff—is another important factor, that is, the ratio between the Ids 
value at the on-state and that at the off-state, which can be obtained from the transfer 
curves directly (Fig. 1e and f) [22, 30]. Such a parameter describes the ability of 
controlling the Ids values with the varied Vgs values; as for the high-quality FET 
devices, it should be as large as possible.

The threshold voltage—Vth—value is mainly depending on the charge carrier 
traps at the related interfaces in FET devices, which describes the offset of charges 
that contribute to (or hinder) the total charge transport properties within the active 
semiconductor channel even without using Vgs.

Subthreshold swing—SS—indicates the ability of a FET device to switch 
between the on-site and the off-state, and its value can also be obtained from the 
transfer curve (Fig. 1e) via employing the equation as shown below [22, 23]:
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The SS value can highly rely on the capacitance of dielectric layer and the trap states 
at the interfaces in FET devices.

Notably, these equations are mainly on the basis of the ideal operating conditions 
for FETs. For the practical FETs made by different semiconductor materials, there 
would somehow exist unexpected pitfalls for the extractions key parameters from 
the device tests, thus resulting in over- or underestimation of the device perfor-
mance. Till now, FET technologies have highly matured and been widely applied in 
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almost all electronic products in people’s daily life; however, seeking for suitable 
active semiconductor materials combining cost-effectiveness and promising physi-
cal features and designing novel device contractures and integration technologies 
are still significantly rewarding.

3 � Main Features and Solution Processability 
of Perovskite Crystals

3.1 � Materials Structures

Perovskite materials stand for a family of compounds (with a general chemical for-
mula of ABX3), processing the same type of crystal structure of inorganic CaTiO3 
(first discovered by German mineralogist G. Rose and then named after Russian 
mineralogist L. A. Perovski) [31]. As for halide perovskite semiconductors (Fig. 2a), 
A-site monovalent cation can be organic groups (such as methylammonium, MA+, 
or formamidinium—FA+) or inorganic cations (like Cs+), referring to the organic-
inorganic hybrid or all-inorganic perovskites, respectively [1, 2, 35–37], while B 
normally stands for the divalent metal cation (like Pb2+ or Sn2+) [1, 2, 38, 39], and X 
represents the halide anion (I-, Br-, Cl-, or their mixtures) [1, 2].

Regarding the geometric structures, the three-dimensional (3D) network can be 
constructed via linking the framework of perovskite unit cells through the [BX6]4− 
octahedra [40]. To quantitatively survey the perovskite structure stability, a 
Goldschmidt tolerance factor (t.f.) was introduced, which can be described by 

t f r r r r. . /� �� � �� �A X B X2  (where rA, rB, and rX are the radii of A, B, and X atoms, 

respectively) [41]. It was empirically shown that the values of 0.89 < t.f. < 1.0 can 
frame the stable cubic structure 3D perovskites [42]. The small A-site cation radius 
can cause the tilt of [BX6]4− octahedron, thus leading to the lower-symmetrical 
perovskite crystal structures with the smaller t.f. values (< 0.89), like tetragonal or 
orthorhombic. If A-site is occupied by large organic groups, thus, the “molecular-
level” low-dimensional perovskites with the t.f. values larger than 1, such as two-
dimensional (2D) layered or one-dimensional (1D) linear ones (which mainly focus 
on the material compositions and molecular structures), can be obtained (Fig. 2b) 
[32, 43, 44]. Notably, the low dimensionality of halide perovskites can also refer to 
the “structure level”, namely, the nanostructured materials with different forms or 
morphologies, like 2D micro−/nanoplatelets, 1D nanowires (NWs), and zero-
dimensional (0D) nanocrystals (NCs). The “structure-level” low-dimensional 
perovskites contain the same composition as 3D perovskites, so the intrinsic physi-
cal features are derived from 3D perovskite counterparts with additional quantum 
confinement effects along at least one direction.
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Fig. 2  Structures and optical properties of halide perovskites. (a) Crystal structure of perovskite 
material. Reproduced with permission from Ref. 2, Springer Nature. (b) Tolerance factor (t.f.) 
values of various halide perovskites. Reproduced with permission from Ref. 32, RSC. (c) 
Ultraviolet-visible absorption spectrum and photoluminescence spectrum of MAPbBr3–xClx and 
MAPbBr3–xIx thin films. Reproduced with permission from Ref. 33, ACS. (d) Energy-level diagram 
of various halide perovskites. Reproduced with permission from Ref. 34, Springer Nature. (e) 
Absorption coefficients for widely used MAPbI3 and MAPbI3 − xClx compared with other light-
sensitive inorganic materials. Reproduced with permission from Ref. 2, Springer Nature

3.2 � Structure Diversity and Bandgap Tunability

According to the t.f. factor for checking the structural stability, a series of halide 
perovskites with different forms and dimensions have been developed for exploring 
new properties and multiple device functionalities. Theoretically calculated results 
on the representative halide perovskite—MAPbI3—showed that the valence band 
maximum (VBM) can mainly be depending on both s-orbitals of divalent metal 
cations (Pb2+) and p-orbitals of halide anions (I−) [45]. Therefore, substituting the 
chemical composition(s) at each site and effectively modifying the coupling of the 
related orbitals could be the effective strategies for tuning the band structures of 
perovskites. In detail, beyond the normally applied MA+, FA+, or Cs+, A-site cations 
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can also be alternated or occupied by the variety-sized monovalent metal cations or 
organic groups, leading to diverse perovskite dimensions/structures, including 2D 
layered or 1D linear structures, such as the Ruddlesden-Popper (RP) phase, the 
Dion-Jacobson (DJ) phase, and the alternating-cation (ACI) phase, as well as the 
tunable bandgaps [44, 46].

B-site divalent cations have the higher formation energy as compared to A-site 
cations, and their sizes may not change much, and, thus, the t.f. values would not be 
changed too much for perovskite crystals [44]. Notably, the bond angles between 
B-site cations and X-site halide anions can have the great impact on the bandgaps of 
perovskite crystals [1]; for example, the light absorption range of Pb-Sn mixed 
perovskites by controlling the ratio between Pb and Sn can be extended into near-
infrared region, which are considered as highly suitable candidate for high-
performance optoelectronic devices [2, 31, 46].

Plus, X-site halide anions’ sizes could effectively affect the crystal structure of 
perovskites [44, 46, 47]. In this sense, the X-site anion doping could be a promising 
strategy to tune the band structures and optical properties of perovskites, referring 
to bathochromic-shift effect [23, 44]. Through tuning different X-site halogen 
anion(s), perovskites can exhibit tunable direct bandgaps ranging from 1.2 eV to 
3.6 eV, covering the visible spectrum (Fig. 2c) [33]. Additionally, appropriately tun-
ing X-site anions along with both A- and B-site cations could result in the different 
bandgaps laying over the entire ultraviolet-visible-near-infrared spectrum (Fig. 2d) 
[34, 48]. It has also been widely reported that the bandgaps of perovskite polycrys-
talline films could be further experimentally regulated up to a certain target range by 
advisably tuning all the involved element ratios, thus rationally promoted for con-
trolling the target perovskite crystals [45, 49]. Thus, the high chemical composition 
tunability and structure versatility pave the effective routine for modifying the elec-
tronic band structures of perovskite crystals, leading to a wide range of electronic 
applications with multiple functionalities.

3.3 � Optical Features

The optical properties of semiconductors, like their light absorption properties, can 
be directly determined by their band structures, affecting their optoelectronic 
devices. Halide perovskites can experimentally and theoretically demonstrate ultra-
high absorption coefficients up to 105 cm−1 in the entire visible range (because of the 
strong inter-band transition) [50–52], comparable with and even much higher than 
those of the conventional semiconductors (Fig. 2e) [2, 53]. As compared to the poly-
crystalline films, perovskite crystals can show the extended absorption range (due to 
the sharp band edge cutoffs with no excitonic signature and the enhanced below-
bandgap absorption), indicating the excellent feature of less in-gap defect states [6, 
16, 54]. The extended absorption range of perovskite crystals could make more 
photons absorbed, thus increasing the short-circuit current density in the related 
devices, helpful for the light-harvesting devices, particularly solar cells and 
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photodetectors [55]. Perovskites, depending on their compositions and molecular 
dimensions, also demonstrated the tunable binding energies of excitons (bound 
electron-hole pairs) [44]. Correspondingly, the exciton binding energies of 
perovskite crystals can also be effectively tuned via substituting chemical composi-
tions. In detail, excitons with the lower binding energy can overcome the Coulombic 
interaction easily; thus, under light excitation, they can be separated into free holes 
and electrons, enabling high-efficiency photovoltaics and photodetection devices 
[44, 56].

On the contrary, substituting the halide ions or reducing the perovskite crystal 
dimensions can increase the exciton binding energy, facilitating high-performance 
light-emitting devices, which can originate from the enhanced radiative recombina-
tion effect of charge carriers [30, 44, 57]. These promising features would help with 
the design of novel FETs with multiple functionalities, like light-emitting transis-
tors or phototransistors [19, 58].

3.4 � Solution-Based Processability

Regarding the growth of perovskite crystals, even though different techniques have 
been adopted to synthesize perovskite crystals with diverse dimensions and shapes 
[4, 59], the facile solution-based crystallizations at the relatively low temperatures 
are the most widely used approaches (due to the high temperature-dependent solu-
bility of halide perovskites in the solvents) [16, 23]. While for the traditional inor-
ganic semiconductors, they often require the demanding deposition equipment in 
ultrahigh vacuum atmosphere and/or at high temperatures. Being different from the 
solution-processable organic semiconductors with the relatively high defect densi-
ties, perovskite crystals grown via the solution processes can also possess high crys-
tal quality [6, 16, 23]. Moreover, the solution-based processability of perovskite 
crystals can make them ideal candidates with cost-effectiveness for large-scaled 
flexible electronics and stretchable devices, thereby advancing the development of 
perovskite crystal electronics toward practical industrialization.

3.4.1 � 3D Single-Crystal Perovskites

Bulk Single Crystals  Solution temperature lowering (STL) method was devel-
oped by Tao’s group to synthesize bulk MAPbI3 crystals (Fig. 3a), considering these 
perovskite materials can show the decreased solubility in the related HX (X = Cl, 
Br, and I) solution with lowering temperatures [60]. Other types of mixed-halogen 
perovskite crystals like MAPbBr3-xClx and MAPbI3-xBrx were also prepared success-
fully via such a method. To obtain larger-sized perovskite bulk crystals, the selected 
high-quality crystal seeds from this method could be dropped into the fresh solution 
again for further growth(s) with the careful controls. Notably, this growth method 
would need ultralong time to obtain perovskite crystals with high quality (in several 
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days). Notably, the time-consumption factor would be the main drawback of this 
method; thus, synthesis approaches with much faster process for perovskite crystals 
would be required.

In this regard, inverse temperature crystallization (ITC) approach was also 
widely applied in synthesizing perovskite crystals (because of decreased solubility 
in certain solvents with increasing temperature); it has been demonstrated that the 
obtained samples could be with the advantages of rapid crystallization, improved 
quality, and controlled shapes and sizes. Bakr et al. introduced this method to syn-
thesize the high-quality MAPbI3 and MAPbBr3 bulk crystals, and the whole process 
just needed 3 h (Fig. 3b) [61]. Thereafter, this ITC method was further modified to 
get the large-sized perovskite crystals. Liu et al. further combined this ITC approach 
and the seed crystallization process with the precise controls to synthesize the large-
scaled single-crystal perovskites [65].

The anti-solvent vapor-assisted crystallization (AVC) is also a normally applied 
approach for the growth of single-crystal perovskites. This method was first 
employed by Bakr et al. to grow high-quality MAPbBr3 and MAPbI3 crystals [6]. In 
particular, two or more solvents are required for this method, where at least one of 
them serves as a good solvent with less volatile property and the other(s) should be 
the bad solvent(s) that is/are more volatile (Fig. 3c) [6, 66]. Generally, it would be 
better to behave the insolubility property of perovskite materials in the bad solvent; 
with slowly diffusing the bad solvent into the perovskite precursor solution, the 
related crystallization could be highly improved. As compared to the ITC method, 
this AVC method could require relatively more crystallization time; however, it is 
still much faster than the STL process, together with the temperature-independent 
behavior and room temperature operation, making it attractive for the wide-
spread usage.

Thin Single Crystals  Within the perovskite bulk crystals with large thicknesses, 
the light-generated and/or free charge carriers would undergo scattering and/or 
recombination before reaching the electrodes, thus leading to the mediocre device 
performance and obstructing the real-world commercialization. In this regard, to 
overcome such a barrier, it would be promising to explore effective strategies for 
synthesizing the perovskite crystals with controllable sizes, beneficial for advancing 
the practical device applications with high performance. An effective strategy 
termed cavitation-triggered asymmetrical crystallization was used by Bakr et al. to 
grow perovskite thin crystals with the μm-sized thicknesses (Fig. 3d), for which the 
short ultrasonic pulse (≈1 s) was performed onto the low-supersaturation solution 
during the entire process [62]. Benefiting from the capillary pressure in the whole 
space between two clean flat substrates, space-confined strategies have been widely 
adopted, combined with the normal growth routines for bulk crystals, to synthesize 
perovskite crystals with controllable thickness [67]. For instance, Chen et  al. 
reported that perovskite thin crystals with the tunable thicknesses from nanometers 
to micrometers could be obtained via space-confined solution-processed method 
(Fig. 3e) [63]. To produce large-scaled high-quality perovskite thin crystals, more 
promising strategies, such as one-step printing geometrically confined lateral crys-
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Fig. 3  Solution-based synthesis approaches for both bulk and thin 3D perovskite single crystals. 
(a) Schematic of solution temperature lowering method. Reproduced with permission from Ref. 
60, RSC. (b) Photos recording the growth process of both MAPbI3 and MAPbBr3 crystals using 
inverse temperature crystallization method at different time intervals. Reproduced with permission 
from Ref. 61, Springer Nature. (c) Schematic of anti-solvent vapor-assisted crystallization method. 
Reproduced with permission from Ref. 6, AAAS. (d) Schematic of cavitation-triggered asym-
metrical method. Reproduced with permission from Ref. 62, Wiley. (e) Schematic of space-
confined inverse temperature crystallization method for growing perovskite thin crystals. 
Reproduced with permission from Ref. 63, ACS. (f) Solution-based lithography-assisted epitaxial 
growth method and the obtained samples. Reproduced with permission from Ref. 13, Springer 
Nature. (g) Optical images of the as-grown epitaxial α-FAPbI3 thin crystals. Reproduced with 
permission from Ref. 14, Springer Nature. (h) Schematic of space-confined solution epitaxial 
growth strategy. Reproduced with permission from Ref. 64, ACS

tal growth and seed-inkjet-printing approach, have thus been developed, beneficial 
for large-scaled perovskite crystal electronics [16, 23].

Currently, solution-based epitaxy strategies were developed, which has the ben-
efit of establishing stable interfacial chemical bonds between perovskite thin crys-
tals and substrates [68]. In comparison with the conventional vapor-phase epitaxy 
approaches, solution-processed epitaxy can possess the highly improved active 
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sample coverage with the adjustable thickness because of the uniform epitaxial con-
tact between perovskite layers and substrates [44]. Solution-based lithography-
assisted epitaxial growth approach was reported by Xu’s team to synthesize 
perovskite single-crystal films, with the widely researched bulk perovskite crystals 
using as substrates (Fig. 3f) [13, 69]. They detailly showed that the crystallization 
dynamics, like lateral scale, thickness, composition, crystal orientation, dimension-
ality, and morphology, of perovskite crystals could be controlled and tuned via com-
bining epitaxial growth and micro-fabrication. The similar synthesis process was 
applied by the same group in the case that the compositions between perovskite thin 
crystals and perovskite crystal substrates were different (Fig. 3g), where the high 
lattice strain reaching 2.4% can be effectively formed into the obtained perovskite 
epitaxial thin crystals [14]. The generated compressive strain, caused by carefully 
designing the lattice mismatch level, could not only decrease the m* values and then 
enhance the carrier mobility, driving the development of electronic devices, but also 
make the perovskite crystal samples and devices more stable. All-inorganic 
perovskite CsPbBr3 epitaxial thin crystals were also obtained through the space-
confined solution epitaxial growth strategy, with the typical oxide SrTiO3 using as 
substrates (Fig. 3h) [70]. It was demonstrated that the obtained perovskite epitaxial 
thin crystals can show the excellent transport properties and defect behaviors, facili-
tating the electronic devices with significantly optimized stability and high perfor-
mance; these advanced characteristics could stem from the high-quality epitaxy 
between perovskite thin crystals and substrates as evidenced by the structural char-
acterizations [70].

Nanostructured Crystals  Nanostructured halide perovskite crystals in “structure 
level”, like micro-/nanoplates or micro-/nano-sheets, micro-/nanowires, and quan-
tum dots, have been deemed desirable candidates for various optoelectronic devices 
[71, 72]. As for the growth of perovskite micro-/nanoplates or micro-/nano-sheets, 
except for the normally used vapor-phase method [73], solution-phase approaches 
have also been widely adopted, where the extra introduced solvents (e.g., acetone) 
and low reaction temperature play the key factors in the shape control [74, 75]. 
Similarly, perovskite micro-/nanowires can be prepared by both vapor-phase and 
solution-phase processes; the former ones with precise controls (like the extra 
solvent(s), reaction time, and reaction pressure) were more widely used for growing 
all-inorganic perovskite micro-/nanowires in different shapes [76], while the 
solution-growth ones were more often reported to prepare hybrid perovskite micro-/
nanowires [77]. There have been numerous publications on the synthesis of various 
perovskite quantum dots, of which most are based on solution-processed hot injec-
tion approach [78, 79]. For this method, the injection time and the operating tem-
perature play the important roles in controlling the perovskite quantum dots’ sizes. 
Notably, nanostructured perovskite crystals were mainly used in light-emitting 
applications, due to their unique quantum confinement effect (leading to efficient 
color emissions), [71, 72] while, in comparison, research on nanostructured 
perovskite FETs, particularly quantum dots, is still lacking, possibly due to the rela-
tively poor charge transport properties. However, it is expected that, given the con-
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figuration advantages, the nanostructured perovskite FETs offer excellent platform 
to assist in elucidating more underlying physics in these nanostructured perovskites 
and developing high-performance devices.

3.4.2 � Low-Dimensional Perovskite Crystals

Owing to the unique characteristics (in particular, the intrinsic quantum confine-
ment effect and improved stabilities), low-dimensional perovskites in “molecular 
level”, such as 2D layered or 1D linear structures, have recently aroused wide inter-
est [80–83]. As for the layered perovskites, organic cations with long chains can 
serve as the “barriers”, resulting in the adjustable optoelectronic properties, due to 
the formed quantum confinement effect. Additionally, in the layered perovskites, 
neighboring layers can be bonded through van der Waals forces with weak interac-
tions, causing the strongly suppressed ion migration and the highly anisotropic 
charge transport behaviors, favorable for the design of lateral-structure FET devices 
[18, 21].

As to the synthesis routines, besides the above-discussed approaches for the 3D 
perovskite crystals that have also been employed to synthesize the layered perovskite 
crystals [84–86], there have recently some other particular strategies for gaining 
layered perovskite crystals with high quality. Cooling-temperature approach was 
used for the growth of (BA)2(MA)n − 1PbnI3n + 1 (BA = C4H9NH3, n = 1–4) perovskite 
crystals, in which the different-ratio precursor chemicals BA, MAI, and PbI2 were 
dissolved in HI solvent (57  wt% in H2O). Following by heating the solution to 
130 °C and then cooling down to room temperature with a precise control, layered 
perovskite crystals with high quality could be gained after washing with diethyl 
ether and drying for 24 h (Fig. 4a) [81]. Centimeter-sized (PEA)2PbBr4 thin crystals 
were obtained by combining cooling-temperature process with seed growth (Fig. 4b) 
[87]. Additionally, solvent evaporation approach was also widely used in the growth 
of layered perovskite crystals; via such a method, various layered perovskite crys-
tals, like (BA)2(MA)n − 1PbnI3n + 1 (n = 1, 2, and 3) (Fig. 4c), (PEA)2PbBr4, and even 
lead-free (MA)2MnCl4, could be obtained [82, 84].

In addition, Bakr et al. presented that surface tension could assist in synthesizing 
large-sized layered perovskite crystals on the solution surface (Fig. 4d) [88]; by this 
method, (PEA)2PbI4 and BAnMAn − 1PbnI3n + 1 (n = 1, 2, 3, 4, and ∞) layered crystals 
could be gotten [64, 90]. Recently, liquid-diffused separation-induced crystalliza-
tion (LDSC) was reported to synthesize high-quality layered perovskite crystals, 
such as BA2PbBr4, PA2PbBr4, and PMA2PbBr4, at room temperature [89]. In detail, 
the oversaturated solution could be obtained by separating the solvent from the 
related precursor solution, and then the crystallization would occur spontaneously 
(Fig.  4e). As compared to the heating- and/or cooling-based approaches, such a 
LDSC method has the advantage of much easier operations at room temperature. It 
is worth mentioning that, aiming to realize advanced devices based on perovskite 
crystals, exploring more promising strategies for the synthesis of layered perovskite 
crystals with controllable sizes will be highly in demand.
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Fig. 4  Solution-based growth approaches for 2D perovskite single crystals. (a) Photos of the 
layered perovskite crystals grown by cooling temperature method. Reproduced with permission 
from Ref. 81, ACS. (b) Large-sized layered perovskite crystals via combining cooling and seed 
growth methods. Reproduced with permission from Ref. 87, RSC. (c) Large-sized layered 
perovskite crystals grown by solvent evaporation method. Reproduced with permission from Ref. 
84, Wiley. (d) Schematic of surface tension-assisted growth approach. Reproduced with permis-
sion from Ref. 88, ACS. (e) Schematic of liquid-diffused separation-induced crystallization 
method for layered perovskite crystals and related photos recording the growth process. Reproduced 
with permission from Ref. 89, Springer Nature

3.5 � Superior Transport Features

Except for the excellent optical features, perovskite crystals have also demonstrated 
the superior transport properties, which are essential for the design of high-
performance electronics [16–19, 23–25, 44, 46]. Generally, carrier transport behav-
iors are highly related to the materials’ electronic band structures; in detail, the 
effective mass (m*) of charge carriers and the mean free time (τ) during the con-
secutive scattering can determine the carrier mobility (μ), which can be expressed 
by μ = eτ/m*. For the typically used MAPbI3, the m* values or the electron and hole 
are 0.2m0 and 0.27m0 (m0 is the free-electron rest mass), respectively, because both 
the conduction and valence bands have the pronounced curvatures (Fig. 5a) [96–
98]. Principally, low m* values of the carriers mean that they should exhibit the high 
mobilities (surpassing 103 cm2 V−1 s−1) [19, 24, 97, 99, 100], extremely desirable for 
the perovskite transistors and other electronics. Moreover, calculations on the den-
sity of states (DOS) demonstrate the elemental contributions to the conduction band 
(CB) and valence band (VB) (Fig. 5b); that is, the charge carriers in MAPbI3 mainly 
transport through the [BX6]4− octahedron, i.e., electrons travel mainly through the 
Pb-6p states and holes transport via the hybridization of Pb-6 s and I-5p states [96].

Beyond, multiple experimental techniques have been developed to check the 
perovskite crystals’ carrier mobilities, such as Hecht-equation electrical method 
(Fig. 5c) [91], space-charge-limit-current test (>150 cm2 V−1 s−1, Fig. 5d) [6, 54], 
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Fig. 5  Electric structures, transport features, and ion migration of perovskites. (a) Band structures 
of MAPbI3 perovskite simulated by using the Perdew-Burke-Ernzerhof (PBE) functionals. (b) 
Total density of states of MAPbI3 perovskite, which is projected onto Pb (6 s and 6p), I, C, N, and 
H atoms. Reproduced with permission from Ref. 82, RSC. (c) Mobility-lifetime product evaluation 
for holes based on Hecht equation (inset: the relationship between pulse amplitude and applied 
voltage). Reproduced with permission from Ref. 91, Springer Nature. (d) Space-charge-limit-
current measurement for MAPbBr3 crystal. Reproduced with permission from Ref. 6, AAAS. (e) 
The transient current curves of perovskite crystal devices. Reproduced with permission from Ref. 
92, AAAS. (f) Hall-effect measurement of epitaxial MAPbBr3 crystals. Reproduced with permis-
sion from Ref. 69, Wiley. (g) 1D diffusion-quenching structure: carrier funneling process occurs at 
the interface between active material and carrier extraction layer. Reproduced with permission 
from Ref. 93, Springer Nature. (h) In the absence of a photoexcitation, the incident (black), trans-
mitted (blue), and reflected (red) multi-THz pulses after interaction with perovskite crystal. 
Reproduced with permission from Ref. 94, RSC. (i) Schematic showing the migration of two 
major mobile ionic species—I− and MA+. (j) Schematic of the three ionic transport mechanisms 
involving conventional vacancy hopping between neighboring positions. Reproduced with permis-
sion from Ref. 95, Springer Nature

time-of-flight method (115 cm2 V−1 s−1, Fig. 5e) [92, 101, 102], Hall-effect tech-
nique (nearly 180 cm2 V−1 s−1, Fig. 6f) [69], and FET-based measurement (refer to 
Sect. 4 for details). Notably, all these simple setup-based methods (e.g., I–V curves) 
primarily measure the carrier mobilities around the respective Fermi levels; there-
fore, it would be quite different for each measurement due to the nonequilibrium or 
high-injection-level Fermi level, leading to discrepancies of the obtained results 
[17, 44]. To address such an issue, some contactless optical characterizations have 
thus been developed, such as the 3D optical diffusion-quenching method (Fig. 5g) 
and the terahertz frequency conductivity measurement (Fig. 5h) [16, 93, 94, 105]; 
these methods could effectively avoid the impacts of contact resistance and/or high 
electric field. It should be noted that the highly varied mobilities were obtained from 
different testing methods [17]; thus, to accurately evaluate the carrier mobilities of 
perovskite crystals, more appropriate approaches should be further introduced. 
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Fig. 6  Transistors based on perovskite thin crystals. (a) Fluorescence microscope images of 
perovskite MAPbX3 thin crystals (X = Cl, Br, and I) excited by 450-, 473-, and 405-nm lasers, 
respectively. (b) Comparisons of the root-mean-square roughness values between perovskite thin 
crystals and polycrystalline films. (c) Transfer characteristics and fitted lines for MAPbCl3 thin-
crystal transistor. (d) Transfer curves for MAPbI3 thin-crystal device. (a–d) are reproduced with 
permission from Ref. 103, Springer Nature. (e) Transfer curves for the perovskite crystal transis-
tors using Au and polymer-modified Au electrodes, respectively. Reproduced with permission 
from Ref. 104. Wiley. (f) Cross-section STEM HAADF image of the perovskite crystal/STO inter-
face showing the excellent epitaxial property. (g) Schematic of the TCTG-structured transistor 
based on epitaxially grown perovskite thin crystal. (h) Dual-sweep transfer curves of the transistor 
upon a drain voltage of −1 V. (f–h) are reproduced with permission from Ref. 70, ACS

Also, these experimentally obtained mobilities of perovskite crystals are not as high 
as the theoretically predicted values, but they are still much higher than those of the 
polycrystalline counterparts; moreover, their mobilities can be comparable with 
those of the traditional inorganic semiconducting materials [6, 16, 17, 30, 56]. These 
make perovskite crystals the extremely ideal candidates for high-performance FET 
devices.

Furthermore, to experimentally obtain the carrier mobilities that can be much 
closer to the predicted values, suitable material processing and novel device design 
for controlling the possible detrimental factors along with in-depth fundamental 
research are required. Principally, the intrinsic factors, such as the polar scattering, 
crystals vibration, and Fröhlich interactions, could affect the charge transport prop-
erties of semiconductor materials [17, 46]; these can also apply to the perovskite 
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crystals. Meanwhile, considering that perovskite crystals are free of grain boundar-
ies, the extrinsic factors affecting their mobilities mainly depend on their defects 
(like structural or point ones). In general, structural defects in semiconductors can 
lead to the formation of electronic traps within their bandgap, which could serve as 
the centers for trapping free charge carriers; hereafter, the trapped charge carriers 
tend to be annihilated in the deep trap states with high activation energies (the so-
called non-radiative recombination), which would be detrimental to the perfor-
mance of optoelectronic devices [44]. It was reported that the trap densities in 
perovskite crystals, characterized by capacitance–frequency (C–f) or current-
voltage (I–V) curves, are around five to seven orders of magnitude lower than those 
of the polycrystalline films, which could also be proven by their highly improved 
carrier lifetimes [6, 44, 92, 101, 106–108]. In this regard, the highly reduced trap 
densities could facilitate the suppression of the charge carriers’ non-radiative 
recombination and thus improve the performance electronic devices based on 
perovskite crystals. Point defects (such as vacancies and interstitials) can also affect 
charge transport properties through scattering in semiconductor materials caused by 
Coulomb interaction. Due to the decreased point defect densities and the reduced 
carrier-phonon coupling, perovskite crystals could exhibit the highly enhanced car-
rier mobilities [107, 109–111]. Notably, it is highly desirable to carry out more 
investigations to study defect behaviors and carrier dynamics within perovskite 
crystals, considering their intrinsic complexity.

3.6 � Ion Migration Behaviors

Perovskite halide materials have widely displayed the mixed electronic-ionic con-
ductivity behaviors (Fig. 5i), which could originate from the relatively low activa-
tion energy of these ions (Fig. 5j) [95, 112–114]; these would be more intense under 
the particular operating conditions. Ion migration behaviors have been widely 
observed in the perovskite optoelectronics which can be related to the appearance of 
I–V hysteresis; in the meanwhile, various techniques, such as Kelvin probe tests or 
photoluminescence/X-ray photoemission mappings [112, 115–118], have been 
applied to study the mechanisms of ion migration. In polycrystalline perovskite 
films, the grain boundaries have been experimentally demonstrated to act as the 
motion channel for the ionic defects, leading to more severe ion migration with 
applying electric field [119]. The ion accumulations at the perovskite/electrode 
interfaces could cause the electric-field screening effect, resulting in obvious I–V 
hysteresis in the related devices, in particular the FETs [19, 20, 120, 121]. Moreover, 
theoretical calculations showed that ion migration in perovskite materials can occur 
through the point defects (e.g., vacancies or interstitials), due to their relatively low 
activation energies [5, 122, 123]. Ion migration behaviors and the related hysteresis 
issues make the device characterizations complicated by triggering variations under 
the electric fields, leading to the difficulties for accurately evaluating the device 
performance; namely, the obtained nonideal I–V curves could make the key device 
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parameters in particular the FET mobilities, under-/overestimation [20]. In addition, 
ion migration has been considered as the main factor for the faster compositional 
segregation and decomposition of perovskite materials, thus affecting long-term 
stabilities of the related devices [124]. Thus, it would be highly crucial to effectively 
suppress the ion migration in halide perovskites.

As to single-crystal perovskites with the highly enhanced crystallinity, their mer-
its, including free of grain boundaries and highly decreased densities of point 
defects and impurities, make them the promising candidates for high-performance 
FETs [19, 20]. Additionally, the suppressed ion migration in single-crystal 
perovskites could highly weaken the gate electric-field screening effect and hyster-
esis behaviors, further making for high-repeatability FETs for industrial applica-
tions [19, 20].

“Every nutshell has a concave and convex side.” Because halide perovskites pos-
sess the unique feature of being mixed ionic-electronic conductors, the mobile ions 
can make some contributions to the transport behaviors under the particular condi-
tions. Recent reports also demonstrated that the independent ion motions in 
perovskites could account for the mechanism of their ambipolar transport behav-
iors, especially under light radiation [125], beneficial for designing the electronic 
devices with multiple functionalities, like inverters and light-emitting transistors. 
Besides, the mixed ionic-electronic feature of perovskites would also provide new 
chances for designing other electronic devices, like FET-based memristors [46, 126, 
127]. In this regard, while ion migration would affect the device performance and 
stabilities, such a behavior could simultaneously stimulate more explorations in 
novel devices like memristors. Till date, the underlying mechanism of ion migration 
in halide perovskites remains elusive; thereby, in-depth understandings of the ion 
migration behaviors and their effects play the key role in the developments and 
designs of innovative electronic devices made by halide perovskites.

4 � Single-Crystal Perovskite FETs

As stated above, perovskite crystals with no or fewer grain boundaries and low trap 
densities process the excellent transport features and improved stabilities, rendering 
them perfect candidates for FETs. In the following sections, research achievements 
and ongoing progress in FETs based on perovskite crystals with different forms and 
dimensions are summarized in detail.

4.1 � Transistors Based on 3D Perovskite Thin Crystals

To date, there have been a few reports regarding the FET devices by employing 3D 
perovskite thin crystals as the active channels. To enable the effective FET function-
ality, a series of widely used perovskite (MAPbX3, X = Cl, Br, and I) thin crystals 
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with micrometer-scale thicknesses (Fig.  6a), grown through a spatially confined 
ITC process, were adopted as channel meterials [103]. Notably, as compared to the 
polycrystalline films, the obtained perovskite thin crystals feature the highly smooth 
surfaces with the average root-mean-square (RMS) roughness less than 0.3  nm 
(Fig. 6b) [103], which could lead to the well-defined interfaces between perovskite 
channels and electrodes, thus making for high device performance. Both the fabri-
cated BGTC and BGBC FETs made by perovskite thin crystals obviously demon-
strated ambipolar transport behaviors (Fig. 6c and d) [103]. In detail, the optimal 
saturation hole mobility reaching 1.9 cm2 V−1 s−1 could be obtained at room tem-
perature in the BGTC FET based on Br-based thin crystal (Fig. 6c), and the BGBC 
device containing I-based thin crystal could exhibit a maximum hole mobility up to 
2.9 cm2 V−1 s−1 (Fig. 6d), while a maximum on/off ratio up to 105 could be also 
achieved. Various structural characterization results showed that the obtained thin-
crystal facets possess the significantly suppressed roughness and defects, leading to 
the improved channel-dielectric interface quality, which could be key reason for the 
high performance of these perovskite crystal FETs.

Except for the perovskite thin-crystal surface quality, the interface between 
perovskite crystal layers and metal electrodes also has a critical impact on the per-
formance of the related devices. The effect of chemical interaction between 
perovskite crystal layers and metal electrodes on the FET device performance was 
systemically studied [104]; it was found that the performance of FETs based on 
MAPbBr3 thin crystals with Au top electrodes could degrade quickly, regardless of 
whether the electrodes were prepared through an evaporation method or a gentle, 
soft lamination process. Such the device performance degradations could be attrib-
uted to the electrochemical reactions at the perovskite/Au electrode interfaces, 
which could form a defective, intermixed layer around the interface, inducing more 
defects in the perovskite crystal channels. To overcome this problem, some effective 
strategies were proposed, like treating electrodes via a self-assembled monolayer 
(SAM)-doped conducting polymer or adopting the BGBC device structure, result-
ing in the improved device performance. The obvious performance enhancements 
of the optimized FET devices could be ascribed to the significantly suppressed elec-
trochemical reactions at the perovskite/Au electrode interfaces (Fig. 6e) [104]. In 
this regard, suppressing the electrochemical reaction at the active perovskite crystal/
metal electrode interfaces would be an effective mean for optimizing the perfor-
mance and yield of the related FET devices.

In addition to hybrid perovskite thin crystals, all-inorganic ones have also 
attracted immense attention because of their comparable electronic features and 
improved moisture stabilities. Yang et al. demonstrated that CsPbBr3 epitaxial thin 
crystals would be obtained by the facile solution-processed epitaxy method with the 
typical SrTiO3 using as substrate [70]. Structural characterizations indicated that the 
obtained thin crystals possessed excellent crystalline quality and perfect epitaxial 
relationship with the substrates (Fig. 6f), leading to the remarkable charge transport 
features [70]. TCTG-structured FETs containing such the epitaxial thin crystals 
were fabricated with the PPMA film serving as dielectric (Fig. 6g); impressively, 
the resultant device exhibited a maximum hole mobility approaching 4.0 cm2 V−1 s−1 
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and a high on/off ratio more than 105 at room temperature (Fig. 6h) [70]. Such the 
obtained excellent device performance with the highly improved stability could 
originate from the high-quality epitaxial perovskite thin crystals featuring the per-
fect atomic match with the substrates, thus highly decreasing the ionic defects and 
the ion migration. Applying the suitable interfacial engineering, such as using epi-
taxy techniques, could effectively minimize the defect/impurity densities in the 
active perovskite crystal channels and the related interfaces and thus improve the 
device performance and stabilities, holding great potentials for high-yield FET 
applications.

4.2 � 3D Perovskite Micro-/Nanoplate Transistors

Except for thin crystals, micro-/nanoplate 3D perovskites featuring free of grain 
boundaries were also used as active channels in FETs. BCBG-structured FETs 
(with pre-patterned Au electrodes) based on hybrid perovskite microplates (that 
were synthesized by selective growth method) were successfully fabricated, which 
displayed the notable-hysteresis transfer characteristics with a maximum saturation 
electron mobility up to 2.5 cm2 V−1 s−1 at low temperature (77 K) (from backward 
sweep) (Fig.  7a and b) [128]. It was also found the perovskite microplate FET 
mobilities were greatly dependent on the microplates’ thicknesses; the device made 
by a 300-nm MAPbI3 microplate could have an optimal saturation mobility of 
around 0.5 cm2 V−1 s−1 (Fig. 7c) [129]. Thereafter, graphene stripes were used as the 
electrodes for the fabrication of the MAPbI3 microplate FETs; tuning the barrier 
heights between MAPbI3 microplate channels and graphene electrodes could effec-
tively affect the FET performance, and an optimized saturation electron mobility up 
to 4  cm2  V−1  s−1 could be obtained at low temperature (from backward sweep) 
(Fig. 7d) [130]. In addition, it was found that using thermal annealing treatments 
could cause the transition of carrier transport types (i.e., from unipolar n-type to 
ambipolar and then to unipolar p-type) in the perovskite microplate FETs, which 
could originate from both the slight disintegration of active perovskite microplates 
and the p-type doping of Pb clusters in the perovskite microplates [130].

All-inorganic perovskite microplates have also gained wide-ranging attention in 
field of FET devices. Vapor-phase deposited all-inorganic CsPbBr3 microplates and 
van der Waals epitaxial CsPbBr3 ultrathin platelets through dry-transferring process 
have been attempted for the FET fabrications, clearly indicating that these micro−/
nanoplatelets could serve as promising candidates for FETs with different device 
structures [132–134]. Except for these dry-processed microplates, solution-grown 
CsPbBr3 microplates were also successfully applied to produce BGTC-structured 
FETs, clearly showing ambipolar transport behaviors and high phototransistor per-
formance [131]. Specifically, the optimal saturation electron and hole mobilities 
could reach approximately 0.19 and 0.02 cm2 V−1 s−1, respectively, in the dark con-
dition, while, upon a 50-mW cm−2 light radiation, they could increase to 0.40 and 
0.34 cm2 V−1 s−1, respectively (Fig. 7e and f) [131].
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Fig. 7  Transistors based on perovskite micro-/nanoplates. (a) Transfer curves for hybrid perovskite 
microplate transistors. (b) Distribution of electron mobilities from 27 perovskite microplate 
devices tested at 77 K (red, backward sweep mobility; blue, forward sweep mobility). (a and b) are 
reproduced with permission from Ref. 128, AAAS. (c) Temperature-dependent electron mobilities 
for microplate devices with different thicknesses. Reproduced with permission from Ref. 129, 
Springer Nature. (d) Transfer curves of graphene-contacted transistors based on perovskite micro-
plates at different temperatures. Reproduced with permission from Ref. 130, Wiley. (e and f) 
Transfer characteristics for all-inorganic perovskite microplate transistors applying different 
power-density illumination and drain voltages, respectively. Reproduced with permission from 
Ref. 131, Wiley

4.3 � Transistors by 2D Layered Perovskite Crystals

FET devices based on layered 2D hybrid perovskite (C6H5C2H4NH3)2SnI4 (PEA2SnI4) 
thin films served as the active channels were first reported by Mitzi et al. [135]; 
through choosing the suitable metal electrodes, a champion hole mobility reaching 
0.62 cm2 V−1 s−1 and a high on/off ratio up to 104 were obtained at room temperature 
[135]. Recently, there existed various great efforts, including the active channel 
morphology/structure optimizations, interface improvements, and molecular engi-
neering of the contained organic group cations, for considerably improving the lay-
ered perovskite FET device performance. Among these strategies, using layered 
perovskite crystals as the active channels can effectively promote the high-
performance FET applications. The exfoliated (PEA)2SnI4 thin crystals were used 
as the active layers for the fabrications of the BGBC-structured FETs, where a 
MoOx hole injection layer was introduced to improve the charge carrier injection 
(Fig. 8a) [136]. The average saturation hole mobility up to 40 cm2 V−1 s−1 could be 
obtained at room temperature; such the high performance was ascribed to the small 
structural disorder and low grain boundary density in these exfoliated 2D perovskite 
crystals (Fig.  8b and c). Notably, not all the exfoliated 2D perovskite crystals 
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possessed the flat and smooth surfaces for establishing promising contact with the 
meatal electrodes, thus resulting in the low yield (less than 1%) of the operable FET 
devices [136].

More recently, the exfoliated (BA)2(MA)n-1PbnI3n + 1 (n = 2, 3, 4, and 5) thin crys-
tals were employed as the active channel materials to produce the highly reproduc-
ible and reliable BGTC-constructed FET devices (Fig. 8d) [137]. It was found that 
the FETs could exhibit the improving device performance with the decreasing tem-
perature; a maximum mobility reaching 0.087 cm2 V−1 s−1 and a high on/off ratio up 
to 106 with the clearly decreased hysteresis could be obtained at 150 K (Fig. 8e), 
which could originate from the effectively suppressed ion migration at low tempera-
tures. Additionally, it was shown that replacing Au by Ca as electrodes could effec-
tively decrease the carrier injection resistance at the interface between 2D perovskite 
crystals and metal electrodes. Thereby, the optimized (BA)2(MA)Pb2I7 thin-crystal 
device with Ca using as electrodes could exhibit a maximum linear electron mobil-
ity of around 0.129 cm2 V−1 s−1 and a high on/off ratio of 106 at 150 K (Fig. 8f) [137].

Recent resurgence of interest in 2D layered perovskite FET devices has led to 
significant progress in the field. It should be noted that layered perovskite FET 
devices, in particular the single-crystal ones, demonstrated the much higher and 
more reliable device performance as compared to the ones containing 3D perovskite 
counterparts, although the theoretically simulated carrier mobilities of 3D 
perovskites were actually lower than those of 2D layered perovskites [84, 138], 
which could originate from the significantly suppressed ion migration within 2D 
perovskites [43]. Also, layered perovskite crystals showed significantly improved 
stability, in particular the better moisture resistance, which could further make them 

Fig. 8  2D layered perovskite crystal transistors. (a) Schematic of BGBC transistor based on exfo-
liated (PEA)2SnI4 thin crystal. (b) Transfer and (c) output curves of the related transistor. (a–c) are 
reproduced with permission from Ref. 136, AIP. (d) Schematic of BGTC transistor based on exfo-
liated 2D (BA)2(MA)Pb2I7 thin crystals, together with the molecular structure of 2D perovskite. (e) 
Transfer characteristics of a (BA)2(MA)Pb2I7 thin-crystal transistor measured at 150 K in the dark. 
(f) Transfer characteristics of the devices with Au, Ag, and Ca working as electrodes. Reproduced 
with permission from Ref. 137, Wiley
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more promising candidates for FET devices. Benefiting from these advantages, it is 
expected that the continuous improvements of the device performance can be 
achieved, through further microstructure retouching, molecular tailoring, and device 
structure designs.

5 � Challenges and Outlooks

In this chapter, we comprehensively reviewed the unique features of perovskite 
crystals, including structural and dimensional versatilities, tunable band structures, 
charge carrier, and ion transport behaviors, which could facilitate FET devices, the 
solution-phase growth processes for various formed perovskite crystals, the 
advances of perovskite crystal FET devices, as well as the facing challenges and 
possible strategies and opportunities. Notably, single-crystal perovskites have 
attracted extensive research attention for the broadly ranged energy and optoelec-
tronic applications due to their promising features. Moreover, owing to their excel-
lent charge transport properties and unique ion migration behaviors, as well as the 
superior thermal and structural stabilities that can be attributed to free of grain 
boundaries along with the reduced defects and traps, perovskite crystals in different 
forms and dimensions are also becoming more desirable for FET applications. 
Moreover, perovskite crystals can be grown through the facile, low-cost solution-
based methods in comparison to complicated processes for conventional inorganic 
semiconductors, demonstrating the significant potentials for enabling high-efficient 
commercial electronics.

Notably, in comparison to the great achievements in energy and optoelectronic 
applications, the research on perovskite crystal FETs is still in their infancy, and 
more efforts are still demanded for addressing the challenges faced by the commu-
nity toward real-world commercialization. Notably, the general issues, like environ-
mental and health threats, for the polycrystalline halide perovskite devices would 
still be the concerns for the perovskite crystal FETs. In this sense, the proposed 
strategies for addressing these general issues from other reviews could be reason-
ably applied in single-crystal perovskite FETs without any doubt [44, 139, 140]. 
Moreover, there are also several particular challenges and potential opportunities 
regarding perovskite crystal FETs, which are detailly discussed as follows:

	(1)	 Optimizing perovskite crystal FET mobilities. The simulations theoretically 
predicted that the ideal perovskite materials can exhibit the ultrahigh charge 
carrier mobilities (e.g., larger than 3000 cm2 V−1 s−1 in the normally researched 
MAPbI3), because of their low effective mass (m*) values [99, 100]. However, 
the experimentally obtained mobilities in the perovskite FETs (even the single-
crystal ones) [26] are still much less than the theoretical predictions. In this 
sense, the in-depth interpretations on the underlying mechanisms of charge 
transport behaviors in the single-crystal perovskites, together with the suitable 
processing of active perovskite crystal channels and electrodes and the novel 
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device designs (e.g., vertical device construction), are greatly required for gain-
ing the optimal device performance.

	(2)	 Revealing underlying principle of ion migration. Ion migration has been widely 
recognized as the intrinsic behavior in halide perovskites, causing their trans-
port properties more elusive. Notably, ion migration behaviors have also been 
found in the single-crystal perovskites and devices (even though they are not 
that severe as in polycrystalline ones) [2, 16, 19, 20, 27, 44, 46, 125]. Ion migra-
tion could affect perovskite crystal FETs, resulting in inaccurate evaluations of 
device performance (e.g., under-/overestimations of mobilities and on/off 
ratios) [19, 20, 23–25]. In this sense, getting in-depth understandings regarding 
ion migration in perovskite crystals is critical for effectively boosting FET 
device performance and facilitating broad electronics. The efficient strategy to 
probe ion migration would be to perform tests, combining with computational 
simulations on the electrical behaviors as a function of temperatures and their 
temporal responses.

	(3)	 Stabilizing FETs based on perovskite crystals. It is widely acknowledged that 
single-crystal perovskites can display much higher stabilities than polycrystal-
line perovskite alternatives, but their stabilities are still not comparable to con-
ventional inorganic semiconductor materials, thus restricting their practical 
electronic applications. Some attempts have been made to improve the 
perovskite crystal FET device stabilities, including use of layered perovskite 
crystals, elemental doping, and novel device structure engineering with protec-
tion electrodes and/or layers [19, 20, 23–25, 46]. More effective strategies, pos-
sibly component engineering or epitaxial synthesis methods, should be 
developed for enhancing the stability of perovskite crystal FET devices further.

	(4)	 Integrating arrayed perovskite crystal FETs. To date, there is still a large gap 
between the initial demonstration of perovskite crystal FETs and the require-
ments for realizing commercial chips, posing the challenges to clearly elucidate 
the logical computing functionalitis [23–25, 44]. In this sense, it is greatly ben-
eficial to explore the promising production strategies for the integration of 
arrayed perovskite crystal FETs, advancing the practical electronic applica-
tions. The proposed solution-processed epitaxial growth approach assisted with 
lithography using the industrially mature lithographic template could be an 
effective routine to address the issues [13, 64], demonstrating significant poten-
tial to realize the industrialization of perovskite crystal electronics.

Despite being faced by these challenges, it is quite reasonable to foresee a promis-
ing future of perovskite crystal FETs, considering their remarkable features, mainly 
including the excellent transport properties and highly improved stabilities related 
to the ordered lattice arrangement and greatly reduced defect densities, together 
with their cost-efficiency, simple processability, and superior compatibility. All in 
all, FET devices made by solution-synthesized perovskite crystals could provide an 
ideal platform for fundamental studies and in the meanwhile, with impressive device 
performance, facilitate multiple electronic functionalities; potentially, break-
throughs in the area will drive the niche industrial deployments of novel perovskite 
electronics that promote next-generation technologies.
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“Metal Halide Perovskite Solar Modules: 
The Challenge of Upscaling 
and Commercializing This Technology”

Angelique M. Montgomery, Nutifafa Y. Doumon, Christa Torrence, 
Laura T. Schelhas, and Joshua S. Stein

1 � Introduction

Metal halide perovskites (MHPs) are favored electronic and optoelectronic semi-
conductor devices due to their high conversion efficiency and low cost. In 2009, 
MHPs were used in the development of perovskite solar cells (PSCs) with a power 
conversion efficiency (PCE) of 3.8% [1]. PCE has risen rapidly to 25.7% [2] in 2022 
for single-junction solar cell architectures with area < 0.1  cm2. With the current 
focus on low-cost, clean, and renewable energy sources, there is great interest in 
upscaling this technology to large-area photovoltaic (PV) modules. The Department 
of Energy (DOE) has defined aggressive goals to reduce the levelized cost of elec-
tricity for utility-scale PV to $0.02/kWh by 2030 [3–5]. Two scenarios are defined 
to reach this goal: (1) high performance and (2) low cost. The low-cost scenario 
assumes module efficiency of 20% and a cost of $0.17/W [4]. To achieve this goal, 
a module technology must be manufactured at a fraction of the cost of conven
tional crystalline silicon-based (c-Si) modules. Locally produced, solution, or 
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vapor-processed perovskite PV modules offer a promising pathway to meet this 
goal. However, challenges exist in upscaling from the cell level (<10 cm2) to the 
minimodule (>100–1000 cm2) or full module level (>1000 cm2); yet, current PV 
technologies have overcome similar challenges. While upscaling represents a sig-
nificant engineering and research effort, it is a common stage in the path to com-
mercializing new PV technologies. In this chapter we outline four critical research 
areas to be addressed in this path to commercialization: manufacturing, perfor-
mance characterization, reliability testing, and environmental health and safety. 
Here, we provide a short introduction to each topic to set the stage for the develop-
ment landscape.

Manufacturing  There are many challenges to upscaling to full-sized MHP mod-
ules and developing a commercial manufacturing process. Applying uniform thin 
films to large areas requires fundamentally different methods than those used for 
small single cells. Spin coating, which is used for most small area PSC research and 
development, is not scalable for large areas and mass production. Instead, slot-
die coating, blade coating, spray coating, or vapor-based application methods are 
preferred [6–17]. However, changing the film application method requires changes 
to the precursor ink rheology and careful attention to the processing steps and the 
manufacturing environment to ensure a high-quality, uniform film deposition. In 
addition, module fabrication involves additional processing steps compared to cells. 
Scribing is used between film deposition steps to divide the film into separate inter-
connected cells (Fig. 1a). Along with careful deposition, scribe quality and scribing 
precision are important aspects to module fabrication to minimize electrical losses. 
Another approach to using perovskites for PV modules is in a tandem structure 
where the PSC is placed above or below a second solar cell. The additional cell 
could be a variety of materials, for example, c-Si, CdTe, CIGS, organic, or even 
other PSCs. Monolithically integrated two-terminal (2 T) and mechanically stacked 
four-terminal (4 T) tandem solar cells provide a solution to the critical thermalization 
loss and high transmission phenomenon seen in single-junction architectures. Still, 
each approach faces different engineering challenges.

Fig. 1  (a) Schematic for MHP thin film including all deposited layers. ETL/HTL is alternated to 
either an inverted n-i-p or planar p-i-n structure. This schematic includes the separation of inter-
connected sub-cells using scribing of P1, P2, and P3. (b) Schematic of packaged MHP module 
with a glass-glass configuration
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Performance Characterization  Another challenge for commercializing 
perovskite modules is the difficulty in characterizing module performance due to 
their relatively slow response and metastability. Conventional c-Si and other thin-
film PV modules (e.g., CdTe and CIGS) can be characterized on the production line 
using a flash test, where the module is exposed to a rapid flash of light (~100 ms or 
less) during which an I-V curve is measured. Like other current PV technologies 
such as CdTe and CIGS, many PSCs are metastable when initially exposed to light. 
Meaning their electrical output changes rapidly until it eventually stabilizes, a pro-
cess that can take several seconds to hours. Preconditioning (or stabilization) is a 
general technique used to bring a module into a stable state so that a characteriza-
tion is repeatable. Preconditioning usually involves illuminating the module until 
performance is stable. However, preconditioning takes time which is non-conducive 
for a high-speed production line that cannot wait for each module to stabilize during 
production. Therefore, to satisfy the unmet challenge for rapid production rates and 
comparable devices in MHP modules, fast measurement techniques need to be 
developed and validated to support high-speed manufacturing.

Reliability  Commercial PV modules are expected to operate outdoors in varied, 
harsh environments for decades. A commercial thin-film module must be protected 
from environmental stresses such as mechanical loading, moisture, UV radiation, 
etc. Typically, thin-film modules are laminated between two sheets of glass to pro-
tect the active layers from the environment as shown in Fig.  1b. Perovskites are 
especially sensitive to moisture exposure; adding an additional packaging require-
ment to reduce water ingress as much as possible is preferred. Figure 1b shows a 
conceptual packaging design for prototype minimodules that includes double glass 
with an edge seal. It is important that the encapsulant material does not degrade and 
release reaction products that may harm the inner layers. For example, EVA, a com-
mon encapsulant material, has a degradation pathway that results in the release of 
acetic acid, which may degrade the MHP and corrode metal contacts [18–20]. 
Accelerated testing inside climate chambers can be used to provide confidence that 
a module can survive harsh conditions in the field. However, the applicability of 
current accelerated testing standards for MHP modules remains an active area of 
research.

Environmental Health and Safety  Another challenge to commercialization is the 
fact that MHPs are made using lead (Pb) in the absorber. Most c-Si PV modules also 
contain lead, which is present in the solder used to connect cells together. However, 
there is concern that the lead in MHP is much more soluble and could be released 
into the environment more readily if the module were to break and be exposed to 
water. Early research investigated these risks using leaching tests where the module 
is sampled and crushed and placed in solutions of leachate. Alternative perovskite 
formulations with tin (Sn)-, cesium (Cs)-, and chromium (Cr)-based halide 
perovskites appear to be less harmful; however, the performance and stability of 
these alternatives are still under investigation. Alternatively, other materials can be 
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added to the device stack or included in the encapsulation that bind to lead and 
decrease transfer to the solute.

This chapter will explore these challenges among others that should be addressed 
before the commercialization of large-scale MHP modules can be realized.

2 � Manufacturing of Perovskite PV Modules

There are two primary methods used to deposit the active perovskite layer and 
charge transporting layers (CTLs) for large-area modules: (i) solution- or chemical-
based deposition (one-step or two-step) [6, 7, 21–33] and (ii) vapor-based deposi-
tion [23, 34–37]. Scalable solution methods include blade, slot-die, gravure, and 
spray coating. Vapor-based methods have been widely adopted in the PV industry 
for manufacturing CdTe PV modules [38, 39] but can require more challenging 
setups (e.g., vacuum processing) compared to solution processing methods.

To achieve high-performance modules, high-quality homogeneous films are 
required. High-quality films are often characterized by uniform coverage and 
pinhole-free films [33, 40]. However, achieving high-quality films for a seamless 
production requires a controlled manufacturing environment and atmosphere that 
includes posttreatments such as substrate heating [41], air-knife assistance [42], co-
solvent incorporation [43, 44], antisolvent engineering [45], Lewis acid-base adduct 
method [46], additive engineering [47–49], and efficient precursor solution chemis-
tries that enable low-defect solvent removal [50]. There are a number of detailed 
review papers on these topics and therefore will not be covered extensively here [9, 
42, 46, 49, 51–72]. Precursor rheology must also be optimized for each application 
method and deposition technique. Multi-solvent blends are typically developed for 
large-area depositions to optimize film formation. Common solvents include 
dimethyl sulfoxide (DMSO), dimethylformamide (DMF), N-methyl-2-pyrrolidone 
(NMP), γ-butyrolactone GBL (used as cosolvent), THF, 2ME, and others. However, 
DMF introduces significant health risks, and GBL is subject to legal restrictions in 
many countries which limits their commercial viability [73]. The need for an envi-
ronmentally safe nonvolatile solvent to synthesize the active and transport layers is 
an essential step toward commercial viability [73–77].

Green solvents exist such as ethyl acetate (EA) which is typically used as an 
antisolvent for perovskite precursor to optimize the perovskite/transporting material 
interface [78]. However, EA evaporation is slow and could impact the active layer 
crystallization process [78, 79]. Therefore, developing new green solvent chemis-
tries with more volatile systems are needed for low-energy, low-cost scalable fabri-
cation methods with limited waste and efficient precursor chemistries for large-area 
manufacturing [61, 74, 75, 77–82].

To make modules, it is necessary to add scribing steps between the deposition of 
the various layers of the perovskite device (Fig. 1a). The division of the film into 
separate smaller series-connected sub-cells increases the voltage; however, the 
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current in the module is limited by the lowest current produced by any of the sub-
cells. Therefore, reducing resistive losses and increasing efficiency are dependent 
on developing homogeneous deposition processes for all functional layers.

Scribing techniques used within the literature rely on three scribing steps P1, P2, 
and P3. The scribing is repeated depending on the number of sub-cells on a single 
large-area substrate. P1 patterning defines the width of a sub-cell and isolates the 
substrate from the front transparent conductive oxide (TCO) layer. After the deposi-
tion of the electron/hole transporting layers as well as the absorber layer, P2 scrib-
ing is performed. An interconnection of the neighboring sub-cells is produced by 
selectively removing the top layers of the oxide to expose the TCO layer with 
mechanical or laser scribing. The precision of the P2 scribe is very important 
because it is used to establish a series contact between the back and front conductive 
layers of neighboring cells in the module to ensure optimum charge conductivity 
[83–85]. If P2 is not precise, the current transport that is formed from the electrical 
interconnection of sub-cells is limited [32, 84, 86]. The final P3 scribe is performed 
after the application of the bottom electrode which completes the monolithic series 
interconnection by producing electrical isolation for the top electrode and the adja-
cent sub-cells. The bottom electrode is laser scribed to electrically disconnect the 
back contact from sub-cells to form P3. The region between P1 and P3 is considered 
the “dead area” because it does not contribute to PV conversion under operational 
conditions [86, 87]. Scribing methods must be precise, and the purpose of scribing 
is to achieve good electrical series interconnection with low active area loss. 
Efficient scribe passivation and a good electrical series interconnection with very 
low area loss is key for high-performing modules. As more research pivots to the 
module scale, scribing and passivation will likely become a critical focus of the 
research community.

Inactive area losses are defined by the geometrical fill factor (GFF): the ratio 
between active area and total area [88]. By enlarging the module area, the GFF can 
be enhanced because the ratio of dead area associated with edges for encapsulation 
and frames is reduced [88, 89]. However, as active area width is lost, the photogen-
erated carriers are reduced and the efficiency suffers. Therefore, there exists a trade-
off between wider cells (lower inactive area with higher resistive losses) and 
narrower cells (higher inactive area and lower resistive losses) [90, 91]. It is for 
these reasons that there is still a significant gap between cell and module efficien-
cies. Panasonic Corporation achieved a PCE of 16.09% for a perovskite module 
with an aperture area of 802  cm2 which is 30  cm long, 30  cm wide, and 2 mm 
thick [92].

The need for a reliable low-cost manufacturing process depends on a reproduc-
ible method with high-throughput homogeneous deposition. Roll-to-roll and sheet-
to-sheet processing are attractive options for MHP manufacturing. Roll-to-roll is a 
low-cost operation that allows for flexible substrates, continuous production, and 
high speeds [93–95]. Sheet-to-sheet processing is less susceptible to damage than 
roll-to-roll; however, switching to multiple substrates is easier in this method 
because there is only one roll holder [94, 96]. In either system, reproducibility is 
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critical with large-area substrates to ensure the manufacturing process yields similar 
performance properties every time.

Careful characterization and rapid production rates for large-area MHP modules 
are contingent upon the quality and efficiency in module performance characteriza-
tion and in-process characterization methods that reflect the unique behavior of 
MHP. Multiple steps within perovskite module production will rely on fast and 
efficient in-line characterization methods to validate module performance and iden-
tify key parameters that impact production quality for a highly controlled manufac-
turing process.

3 � Performance Characterization

To produce high-quality MHP modules, process control and in-line detection meth-
ods that quickly monitor the film quality and performance of modules are needed. 
Performance loss under illumination is identified depending on its effects in the 
current–voltage (I–V) characteristics of the device [97–99]. Electronic shunts, 
ohmic loss (voltage drop), recombination loss, and reduced current generation all 
impact device performance [97]; however, most are manufacturing defects that can 
be improved with careful large-scale fabrication. MHP undergoes voltage changes 
when exposed to light and voltage bias with rates affected by temperature. Therefore, 
fast measurements to monitor the film quality and its electrical characteristics dur-
ing multiple stages of production are critical to ensure long-term performance for 
project owners and investors.

Small electronic shunts originate from high resistance between the cell’s two 
contacts that cause local heating (hot spots) and faults that influence hysteresis 
behavior and reduce the maximum power [100]. Uneven coverage of the absorber 
and contacts, inhomogeneities between the deposited layers, and rough surfaces can 
cause shunts that impede the current generation and performance parameters like Voc 
and FF. As a result, power is reduced, and an undesirable I–V hysteresis may result 
which is mainly related to ion migration in the bulk and at the interface of the device 
[101–103]. I–V curves and electroluminescence (EL) imaging are typically used to 
monitor shunt behavior at various stages of production.

The PV community reports device performance at a fixed condition, known as 
standard testing conditions (STC). This is defined as a module temperature of 25 °C, 
solar irradiance of 1000  W/m2, and a reference spectrum defined at air mass of 
AM1.5 [104]. STC creates uniformity in testing conditions for accurate compari-
sons of module performance from different manufacturers. In an I–V measurement, 
a voltage is swept across a device, and the current is recorded at each stabilized 
voltage step which typically takes seconds [104]. Ideally, the measured current will 
be dependent on the measuring conditions (voltage, temperature, irradiance, envi-
ronmental conditions) and not the prior history of the device [104]. However, 
perovskites response times (seconds to minutes) require longer sweep times and 
scan rates to allow for sufficient current stabilization at each voltage step [93]. The 
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IEC 60904-1 measurement standard describes procedures for I–V characteristics of 
PV devices to ensure basic requirements for I–V measurements, define procedures 
for different measuring techniques, and include practices to minimize measurement 
uncertainty [105]. However, the IEC 60904-1 standard does not describe the special 
treatments needed to stabilize the current before performance characterization. 
Characterization methods typically use simple equipment; however, due to MHP 
metastability and slow responding device behavior, precise measurements require 
specialized equipment and expertise.

The primary measurement used to rate modules during production is the maxi-
mum output power (Pmax) ratings at STC. This is an essential parameter for accurate 
output power rating nameplates and specification data sheets that distinguish 
between cost-dependent high-performing and low-performing perovskite modules. 
The higher the power rating, the more watts the module produces and the more 
expensive the module. Power ratings are critical because they aim to match real-life 
conditions for a fair understanding about how modules perform outdoors. However, 
accurate Pmax is a challenge because it is difficult for a simulator to exhibit real envi-
ronmental conditions by only varying the temperature and irradiance without the 
consideration of environmental stressors. Maximum power point (MPP) tracking is 
a continuous steady-state measurement to find the maximum power by using a 
perturb-and-observe algorithm to keep the device at its maximum power for some 
time, and then an average power is reported to represent Pmax.

Flash tests are a quick method that can be automated on a production line and 
performed approximately at a rate of once per second by exposing the module to a 
fast (20–100+ ms) flash of light during which an I–V curve is produced and Pmax is 
measured. Flash tests are a conventional method used to yield power ratings for cur-
rent commercial PV technologies. Spectral uniformity match, spatial uniformity, 
and temporal stability are used to assess the reliability and quality of the measure-
ment. It is performed several times during production, especially after lamination to 
test the functionality and performance of the completed module. Though flash test-
ing has shown its effectiveness for current commercial PV technologies, it remains 
a challenge for MHP modules. Song et al. showed that fast I–V curves may overes-
timate Isc and underestimate FF for PSCs compared to a slow asymptotic continuous 
scan [94, 106–108]. Increasing the scan speed is possible for a flash test; however, 
it could overestimate performance parameters like Voc. Decreasing the scan speed 
could easily give time for carrier generation and extraction to come to completion; 
however, slow scans require different light source and increase the overall testing 
time. It is difficult to assume that all identical modules will respond identically to a 
flash test, though this test could give a close enough approximation to a consistent 
performance measurement to distinguish between best- and worst-performing mod-
ules. This is an area of current research.

Dynamic I–V or asymptotic I–V measurements are like conventional I–V in 
which a stepwise I–V is produced; however, at each voltage step, a stabilization 
period allows the device under test (DUT) sufficient time to complete current col-
lection. Essentially it is a series of stabilized current at fixed voltage (SCFV) mea-
surements over a specific voltage range.
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Some MHP cells and modules exhibit different I–V behavior depending on the 
direction of the I–V curve (Isc to Voc vs. Voc to Isc) [52]. This I–V hysteresis behavior 
is dependent on parameters such as scan rate, scan direction, bias applied, precon-
ditioning, and device architecture [101, 109–111]. Different electrical characteris-
tics of an I–V curve limit reproducibility and lower carrier mobility and collection 
rates while presenting challenges for a fast-responding stable measurement. The 
origin of an I–V hysteresis is mainly ion migration; however, ferroelectric polariza-
tion, ion trapping, and capacitive effects are also potential causes [102, 106, 107, 
112–116]. Ion migration in MHP gained much attention when Snaith et  al. sug-
gested that it was one of three possible origins for the I–V hysteresis phenomenon 
and showed how device architecture and process control influence the severity of 
the I–V hysteresis behavior [117–119]. They showed that a stabilized power output 
is possible under operational conditions; however, the I–V hysteresis is likely to 
affect MPP tracking effectiveness. More work in this area should focus on ion 
migration kinetics and how light illumination and dark storage impact the move-
ment of ionic and electronic species and device stability.

The effect of operating temperature on module performance is an important 
parameter for yield assessment. Not many studies have been performed to measure 
these effects on PSCs or MHP modules. Moot et al. studied PSC performance with 
temperature and found the relationship to be nonlinear [120]. They showed that 
efficiency vs. temperature for MHPs was influenced by a change in Voc and Isc which 
is distinct from c-Si which is predominantly affected by Voc [120, 121]. Accurate 
temperature coefficient calculations are necessary for the commercialization of this 
technology. More work is needed in this area.

4 � Reliability

This section discusses degradation, stability, lifetime, durability, and reliability of 
MHP modules. Though these terms may seem similar, they have only one thing in 
common: they are all affected by the degradation mechanisms at the individual cell 
level and/or the failure modes at the module level. Degradation is the observed dete-
rioration of PV performance parameters due to different stressors resulting from 
chemical or mechanical effects. Stability is the investigation of the degradation and 
the mechanisms behind this phenomenon to determine how fast or slow the process 
occurs over time [122]. The lifetime of a cell or module is how long (in minutes, 
hours, or years) the cell or module produces power at a reasonable level in a safe 
manner [123]. The lifetime is usually defined as the time it takes the cell or module 
to lose 20% or retain 80% of its initial power, often referred to as T80 [122, 124–
127]. While durability focuses on maintaining output power level of cell or module, 
reliability focuses on the module’s failure [123]. Using our definitions, a MHP tech-
nology would be said to be reliable if it performs a specific function for the expected 
lifetime. On the other hand, it would be durable if it can withstand pressure, wear, 
or damage while performing its function.

A. M. Montgomery et al.



305

Degradation sources in PV can be generally classified into intrinsic or extrinsic, 
interfacial, or a bulk device effect. Module failure modes include other external fac-
tors, in addition to the individual cell’s degradation sources, such as environmental 
stressors (e.g., wind, UV) and damage to the PV module themselves. The intrinsic 
degradation of the bulk active layer of the MHP cell can be caused by several stress-
ors resulting in photooxidative degradation [125, 126, 128, 129], thermal degrada-
tion [126, 130], general degradation due to morphological changes or heterogeneity 
of the active film [130–132], and/or interface degradation [126, 132, 133]. The most 
influential factors in the intrinsic MHP degradation pathways could be (i) diffusion 
of oxygen (O2) and/or moisture causing oxidative degradation of the active layer, 
delamination, interlayer reactions, and/or oxidation of electrodes [128, 129, 134–
136]; (ii) temperature effects or heating leading to thermal degradation, pronounced 
degradation due to thin-film heterogeneity, and/or metal ion diffusion [128, 130, 
134, 135, 137, 138]; and (iii) UV-light responsible for light-assisted doping by O2 
and/or photo-induced degradation [129, 132, 134–136]. All three degradation path-
ways can occur simultaneously in cells and modules. However, in modules there 
could be additional failure modes due to interconnections and packaging. The per-
formance stability and lifetime measurements of laboratory-scale next-generation 
PVs including MHP PVs (with specific challenges known to MHP module fabrica-
tion) have so far only been limited to a couple of hundreds to thousands of hours 
[100, 125–127, 139]. However, for the levelized cost of energy metrics to approach 
SETO’s 2030 goal of $0.02/kWh, MHP modules are expected to last at least 20 years 
in the field [3]. It is worth nothing that groups are exploring avenues for shorter 
lifetime modules, leveraging recycling, repair, and repowering approaches.

Any number of stressors, defects, or environmental conditions can lead to mod-
ule failure modes and therefore lead to low module reliability and durability. This is 
equally true for traditional PV technologies like c-Si or CdTe. Here, we classify 
these degradation modes generally into two groups based on whether they are visu-
ally observable or not. Table 1 shows the detailed classification and some of the tests 
(discussed later) needed to certify or qualify the modules for field operation. Getting 
a deeper understanding of the various degradation, defects, and failure modes at the 
fundamental level, both quantitatively and qualitatively, is essential for advancing 
the technology. It will be crucial for developing qualification and safety test proto-
cols unique to MHP modules. This is a task currently undertaken by one of SETO’s 
funded joint projects under the Perovskite PV Accelerator for Commercializing 
Technology (PACT). PACT’s protocols are under development and updated regu-
larly [140].

4.1 � Qualification and Safety Testing

Since much of the current MHP research has been at the lab and cell level, many 
researchers use the protocols set under the international summit on organic photo-
voltaic stability (ISOS) [4, 66]. The ISOS protocols are not meant as a replacement 
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Table 1  Identified degradation mechanisms and failure modes in MHP PV cells and modules

Visual 
defects

PV cells within the 
module PV module Environmental factors

Yes ·Cracks/fracture
·Edge seal defects
·Corrosion of cell 
metallization

·Damages to frame and 
junction box
·Corrosion and breakage of 
glass
·Discoloration and 
delamination 
(or degradation of back 
sheet)
·Sealant issues/defects
·Discoloration and 
delamination of encapsulant 
(degradation of encapsulant)
·Cracks/fracture
·Electrical arcing

·Shading
·Soiling
·Structural failures due to natural 
events (rain, sun, wind, snow, 
hail, fire, dust, etc.)

No ·Light-induced 
degradation 
·Light and elevated 
temperature-induced 
degradation 
·Potential-induced 
degradation 
·Edge deletion
·Thermal degradation
·Cracking and 
mechanical 
delamination of 
MHP layers (Fig. 1a)
·Shunts due to laser 
scribing and 
impurities in the 
MHP thin film

·Contact failure due to 
electrochemical corrosion 
between MHP films and 
metal electrodes
·Internal circuitry 
discoloration
·Breaks in electrical 
circuitry
·Substring in open circuit
·Nonfunctioning bypass 
diodes
·Thermal degradation
·Cracking and mechanical 
delamination of MHP cell 
layers (Fig. 1a)
·Failure of electrical solder 
bond
·Reversed bias hot spots

·Reverse-biased degradation due 
to shading on cells connected in 
series
·Degradation due to natural 
events (rain, sun, wind, snow, 
hail, fire, dust, etc.) such as 
moisture permeation or thermal 
fatigue

for qualification testing; rather they are to be used as research tools. Researchers and 
manufacturers follow certain standard protocols to assess how well a module would 
perform under stressors. We refer to these as accelerated stress tests (ASTs).

At the industry level, a set of ASTs are used to similarly assess any type of PV 
module. They are qualification testing or type approval testing (in other parts of the 
world) and safety testing. Passing both qualification and safety testing is a major 
step in commercializing a PV module. Qualification testing, a set of defined ASTs, 
is usually derived from a reliability testing program. They are set by the International 
Electrochemical Commission (IEC) to determine the module quality. In other 
words, it consists of various module quality tests (MQT) that include application of 
one or more stressors for a prescribed length of time. Tests are pass/fail with differ-
ent criteria defined for each MQT. They help detect early known degradation or 
failure modes of PV modules in particular environments with limitation in duration 
of test, acceptable costs, and level of quality of individual modules that pass the test. 

A. M. Montgomery et al.



307

The qualification testing is a blank pass or fail process, and therefore these tests do 
not determine a module’s entire lifespan.

In today’s PV module technologies, there are three such qualification tests 
depending on the type of PV modules to be tested, either c-Si PV, thin-film PV 
modules such as a-Si or CdTe, or concentrator PV modules. They are known, 
respectively, as the IEC 61215, IEC 61646, and IEC 62108 protocols [141]. These 
standards are revised and improved over time, with the intent of ensuring a rigorous 
AST standard consistent with reproducible environmental stressors such as tem-
perature, light, and humidity. For instance, the first qualification testing for terres-
trial PV modules, the IEC 61215 protocol, was established in 1993. Its third edition, 
revealed in 2016, has merged IEC 61215 and IEC 61646 protocols, bringing signifi-
cant changes to the technical content with the inclusion of light exposure, specific 
to each technology.

Today’s qualification tests are a result of the 1975 US government’s efforts to 
improve PV module performance, leading to the jet propulsion laboratory (JPL) 
block buy program. Modules were designed and produced under contracts by differ-
ent manufacturers, tested in phases—the block buys—and labeled as Block I to V 
[142]. The blocks were run through a series of ASTs intended to reproduce field-
observed failures. These tests were adapted over time as modules designed were 
optimized until the modules were discontinued or successfully passed the qualifica-
tion testing. Details of the blocks by modules and qualification testing can be found 
in Ref. [142]. Consequently, the PV community does not have to fully reinvent the 
wheel for MHP module qualification testing. We can take clues and acquired knowl-
edge from the JPL program, learning from it and constantly applying modified ver-
sions based on our evolving understanding and insights into MHP module 
degradation and failure modes.

The other standard test type is safety testing, offered under the IEC 61730 or 
Underwriters Laboratories (UL 61730). Both tests focus on safety and nonhazard-
ous operation of the PV modules [143]. Currently, there are two protocol versions 
for the safety testing for the IEC 61730 standard, namely, IEC 61730-1 and the 
redline version, IEC 61730-2. The safety test demands that fundamental PV module 
construction requirements are met to provide safe fire, mechanical, and electrical 
functioning of the modules over their lifetime. It consists of various module safety 
tests (MSTi), in total around 56 (0 < i < 57, with i a natural number) under the IEC 
61730-2 protocol requirements. They are important, as they seek to help prevent, 
during the operation of the modules, personal injuries due to environmental and 
mechanical hazards, fire hazards, and electrical shocks. The safety concerns and 
testing for MHP PV modules may have to go beyond the current parameters and 
consider other environmental and health hazards (i.e., possible leaking of Pb into 
the surrounding environment of the modules) as discussed in Sect. 15.5.

The current IEC standards for testing are tailored for commercially available PV 
technologies, with c-Si and a-Si being the baseline. Thus, these tests are unlikely to 
fully capture and consider all the prevalent failure/degradation modes of the next-
generation thin-film PV modules such as MHPs. As indicated, MHP degradation/
failure modes are governed by multiple factors that affect the device’s long-term 
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stability, still not fully understood (still under discovery due to differences in mate-
rials), and thus may not be well appreciated by the IEC standards. For example, 
improvements to MHP materials and devices have increased thermal stability, but 
exposure to light at elevated temperature remains a critical stressor to determine 
durability. Currently, there is not a light and elevated temperature test as part of the 
IEC-61215 tests. In addition, existing IEC tests may need to be fine-tuned for the 
next-generation thin-film modules, especially MHP modules, as the current tests 
may also cause other failure modes otherwise not observed in the field [144].

Advancing the long-term performance stability of these new technologies is cru-
cial to their commercialization and deployment. However, even at the lab scale, 
there are a lot of inconsistencies in reported procedures and parameters [126, 145, 
146]. For these reasons, some members of the MHP PV community came together 
to lay down some ground rules based on the ISOS protocols [124, 126] in what 
came to be known, especially for MHP, as the “consensus statement for stability 
assessment and reporting for perovskite photovoltaics based on ISOS procedures” 
[126]. These ground rules guide laboratory-scale research testing, as they are more 
focused on the MHP devices at the cell level. In addition, SETO went a step further, 
publishing minimum requirements for durability/reliability performance targets, 
using modified IEC 61215 protocols combined with the ISOS-L-2 light soaking test 
[126] of the ISOS protocols, as a baseline for meaningful assessment of MHP mod-
ule scale qualification testing until an international AST standard is reached. While 
the details of the ISOS-L-2 and other protocols for lab-scale next-generation PV 
cells can be found in Ref. [126], SETO’s recommended MQT from IEC 61215 
comprises of (i) MQT10, UV preconditioning; (ii) MQT11, thermal cycling; (iii) 
MQT13, damp heat; and (iv) MQT21 PID [3]. This set of tests does not consider the 
humidity freeze test (MQT12) and others, as SETO’s focus is on the material and 
device stability rather than the packaging. It is our opinion that any AST standard 
considering packaged MHP modules for commercial viability should eventually 
include all other relevant MQT tests, but this is a good starting point for the technol-
ogy. Another simple but crucial quality test not mentioned in the SETO recommen-
dation is the electroluminescence (EL) test, capable of unearthing otherwise 
invisible microscopic defects such as cracks, moisture effects, and welding issues.

One risk with ASTs is the possibility that they will produce degradation not con-
sistent with outdoor field performance. Ideally, ASTs do not reveal degradation that 
is not observed in real-world operation. Thus, one must always reconcile these dif-
ferences by quantitatively and qualitatively comparing the outcome of the two tests. 
These comparisons may help fine-tune the ASTs over time and can be used to 
improve the IEC protocols. This approach can be used to develop tests that would 
be acceptable for MHP modules and packaging qualification and safety testing. A 
critical component to this test development will be field testing of MHP modules in 
the field in different climate zones (to cover the specificities of the different climate 
zones in the final international standard protocols). For example, such an effort 
combining AST and outdoor field performance of Si PV modules is already under-
way, led by the national renewable laboratory under the Durable Module Materials 
(DuraMAT) consortium [147]. They focus on accelerating the development and 
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deployment of durable and high-performance materials for PV module packaging to 
increase field lifetime and lower the cost of solar-generated electricity. This same 
approach could be applied to MHP modules to assess the viability of current test 
protocols and/or inform modifications to the test procedures.

In brief, for reliability and durability testing of PV modules, international stan-
dard tests are readily available for module qualification and safety testing. However, 
these tests may have to be amended, updated, or adjusted to properly validate the 
next-generation thin-film PV modules, such as MHP modules. It requires that novel 
approaches to AST protocols attuned to these technologies be explored to, if needed, 
adequately update the current standards and successfully qualify the next generation 
of PV modules. Some works are underway, namely, the ISOS consensus at lab scale 
and SETO’s DuraMAT and PACT projects for developing materials and protocols 
for the module’s reliability and durability.

5 � Environmental and Health Risks

Most well-performing, highly efficient MHP modules/cells contain a soluble form 
of lead in the absorber layer which poses environmental and health risks. Tin (Sn), 
cesium (Cs), and chromium (Cr) show potential for a lead-free alternative; however, 
these semiconductor material combinations do not perform as well as lead-based 
semiconductors [148]. In addition, solvents used for precursor fabrication have tox-
icity risks, but these solvents are essential for the crystallization, nucleation, and 
growth dynamics of the MHP film. Worker safety regulations help to minimize 
exposure to workers through indigestion, inhalation, or skin contact. It is important 
to understand the health risks of MHP PV from its production to its final disposal 
and examine materials, processes, and unplanned events that can affect its safety.

When exposed to moisture, lead halide perovskites will degrade and ultimately 
form lead iodide (PbI2). PbI2 is highly soluble with a solubility constant (Ksp) in the 
range of 8.3 * 10−9 to 1.84 * 10−8 [149–151]. In high temperatures, such as fire, the 
PbI2 oxidizes into PbO and PbO2, both of which are insoluble in water [152, 153]. 
PbO powder can be absorbed by the skin and stored in soft tissues. After continual 
exposure, lead is absorbed into the bone and teeth where it has an elimination half-
life of 20–30 years.

The US CDC sets upper limits on acceptable Pb blood level, which in the 1960s 
was set to 60 μg/dL and has been reduced over the years to the present value of 5 μg/
dL in adults and 3.5 μg/dL for children [154, 155]. In adults, even a level of 5 μg/dL 
can lead to anemia and increased blood pressure, and exposure to pregnant women 
could endanger the fetus [156]. Symptoms of lead poisoning generally become notice-
able when blood levels reach 40 μg/dL [157]. Lead is especially dangerous to children 
because they absorb lead about 4–5x more than adults due to their hand-to-mouth 
tendencies [158]. Blood levels of 5–10 μg/dL in children cause an interference with 
brain development, lowered IQ, decreased hearing, and stunted growth—with the 
impacts amplified as blood levels rise [156, 158, 159]. The Institute for Health Metrics 
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and Evaluation (IHME) estimates that as of 2019, 62.5% of the world’s intellectual 
disability without an otherwise obvious source is caused by lead [160].

The US Department of Labor’s Occupational Safety and Health Administration 
(OSHA) enforces safety regulations to provide safe and healthful working condi-
tions for workers [161]. OSHA regulates a wide range of workplace hazards includ-
ing chemical hazards and safe use of equipment [161]. An estimated 1.6 million 
workers in the USA are potentially exposed to lead, primarily at construction sites 
and manufacturing facilities. Employers must take compliance actions if airborne 
lead levels exceed the “action limit” of 30 μm/m3, including medical monitoring, 
more stringent worksite controls, and the use of respirators, gloves, goggles, and 
other proper personal protection equipment (PPE) [162]. Additionally, if lead dust 
or lead-containing materials are present in a workspace, employers must provide 
proper PPE and require good hygiene practices, such as regular handwashing and 
showering before leaving the workspace. The National Ambient Air Quality 
Standards (NAAQS) regulates the ambient air concentration of lead, ozone, carbon 
monoxide, particulate matter, sulfur dioxide, and nitrogen dioxide. The maximum 
safe lead level in ambient air is defined as 0.15 μg/m3 over a 3-month average [163]. 
Per the US Environmental Protection Agency (EPA), PV modules are categorized as 
a solid waste and are required to undergo waste characterization prior to disposal. 
The Comprehensive Environmental Response, Compensation, and Liability Act 
(CERCLA) of 1980 focuses on the response to a release, or the threatened release, 
of hazardous substances that may endanger public health or the environment [150, 
164]. A site containing high levels of lead in the soil or groundwater meets criteria 
to be deemed a “superfund site” and qualifies for funding to clean up and rehabili-
tate the site. CERCLA assesses potential superfund sites for a variety of contami-
nants, and lead is the most common pollutant. There are currently over 600 recorded 
superfund sites, 43% of which have lead contamination [164].

Tin (Sn)- and cesium (Cs)-based halide perovskites appear to be less harmful; 
however, they should not be considered a safe and nontoxic alternative. Tin toxicity 
is highly dependent on its ionic form. Inorganic tin compounds are expelled from 
the body quickly but have been found to be harmful in large amounts. Organic tin 
compounds (organotins), which are commonly used in tin halide perovskites, can 
cause neurological problems, gastrointestinal symptoms, and respiratory irritation 
[165, 166]. Tin halide perovskites can degrade to form SnO2 and SnI4 [167, 168]. 
SnI4 is highly reactive with water forming SnO2 [167], which can cause respiratory 
irritation and harm to the aquatic life [169]. Cs-based halide perovskites are attrac-
tive due to their high luminescence quantum yield and excellent thermal stability 
[170]. However, Cs can cause burns and severe irritation to the skin upon contact 
due to its corrosivity [171]. Inhalation of Cs can result in irritation to the nose, 
throat, and lungs which may potentially lead to a buildup of fluid in the lungs [172]. 
In addition, Cs hydroxide also poses a risk to workers in transport and manufactur-
ing due to its intense reactivity with water which could result in burns, inhalation, 
and ignition of other nearby flammable materials [171].

Events that can result in exposure include accidents, disposal, and module break-
age from severe weather or transportation, among others. Accidents during manu-
facturing include accidental spills, inadequate ventilation, lack of safety protocols, 
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improper hygiene, and decontamination procedures. Noncompliance with protocols 
can lead to skin contact, inhalation, or even ingestion of harmful toxins. Storage and 
transportation of modules present risks. Warehouse storing modules pose fire risk 
due to the high density of material. Transporting modules present risks of accident, 
causing module breakage and potential release of hazardous materials that could 
possess skin contact risk for workers. First Solar, the CdTe thin-film manufacturer, 
shows that as of 2011 approximately one-third of warranty returns are due to mod-
ule breakage occurring during the shipping and installation process, corresponding 
to the return of 0.4% of modules [173].

There are three main exposure pathways of concern: inhalation, ingestion, and 
skin contact. Inhalation risks stem primarily from fire smoke, but toxic substances 
in dust or other small particles can be aerosolized from burned or broken modules 
and cause resultant harm. For some toxic substances, inhalation is the highest-risk 
exposure pathway due to increased absorption by the body. Common safety prac-
tices include maintaining proper ventilation, wearing well-fitting masks with suit-
able filters, and restricting nonessential workers from accessing specific areas [174]. 
Ingestion can occur through several routes including contamination of drinking 
water, children’s play areas, or soil used to grow food. Skin contact is an important 
exposure pathway for liquid solvents, which can cause skin irritation and burns. 
Some chemicals can also be absorbed into the body through the skin, putting one at 
risk for both dermal and internal harm. Proper PPE, particularly gloves, is crucial to 
prevent exposure through skin contact.

In the case of fires, high temperatures can damage modules and release Pb into 
the air or into the water used to extinguish the fire. Conings et al. (2019) fire expo-
sure experiments quantified the percentage of lead released from a MHP module 
during a fire [175]. Analysis of nearby surfaces was assessed to determine the 
amount of lead carried by the smoke and deposited on surfaces in the vicinity of the 
fire. Glass encapsulation mostly absorbed the Pb from the MHP layer, and Pb found 
on nearby surfaces was released from the exposed sections of PV modules where 
the encapsulation was damaged or destroyed [175].

Leaching can occur when material from the module is exposed to a liquid such 
as rainwater, water from extinguishing fires, or soil pore water in the case that the 
modules are disposed of in a landfill. The contaminants dissolve into the water 
forming ions that leach out of the module through cracks or module edges into 
groundwater, soil, or be absorbed by nearby plants. The EPA specifies a Toxicity 
Characteristic Leaching Procedure (TCLP) test (Method 1311) under RCRA for 
waste characterization [176]. The procedure simulates leaching in a landfill to deter-
mine whether hazardous elements will leach from the waste. There are currently 
TCLP limits on eight heavy metals, some of which may be present in MHP mod-
ules. Any material with TCLP analytical results above the regulatory limit is deemed 
hazardous waste and must be disposed of in facilities permitted to accept such waste.

The pursuit of lead-free or “low-lead” semiconductors as a safer alternative 
would help mitigate the risk of lead release as they may offer a more environmen-
tally safe route to commercialization. However, current challenges in this area 
include raising the efficiency and increasing stability of these alternative designs. In 
the near term, researchers have proposed and demonstrated the use of polymeric 
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materials in the module packaging that bind to free lead in solution preventing 
excess leaching and transport [177–180].

5.1 � Future Work and Challenges

The commercialization of MHP solar modules is a promising technology for achiev-
ing the US government’s decarbonization goals of 100% carbon-free electricity 
generation by 2035 [3]. MHP modules are on the cusp of commercialization with 
several research and manufacturing gaps as final barriers. Reproducible deposition 
of efficient thin-film MHP solar modules need to be demonstrated at large areas and 
rapid processing rates. Characterization methods are needed to monitor the quality 
and performance of products coming off of  these high-speed production lines. 
Validated accelerated test protocols are needed to ensure that modules will survive 
in the field in a range of climates and conditions. Outdoor performance validation 
studies in a range of climates are needed to demonstrate that testing protocols are 
adequate to identify relevant failure and degradation modes. Finally, the safety pro-
tocols for workers need to be established, and the environmental risks associated 
with end of life and/or reuse/recycling need to be considered.
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Perovskite Polycrystalline Film for X-Ray 
Imaging

Hao Hu, Jun Liu, and Guangda Niu

1 � Introduction

X-ray medical imaging is of ultra-importance in modern society. It plays an irre-
placeable role on in situ living inspection of pathological changes of tissues for 
early tumor diagnosis, which is vital for human health [1, 2]. This technique dates 
back to the first human hand X-ray image pictured by Rontgen in 1895. After over 
one century’s development, modern X-ray medical imaging systems (such as com-
puterized tomography (CT)) have been digitalized with photoelectric detectors 
transforming photon signals into electrical signals, and these detectors are the core 
of X-ray medical imaging systems [3, 4].

From the higher perspective, X-ray detectors bear basic physical resemblance to 
other photoelectric detectors such as visible-light and infrared detectors. However, 
the detection system is quite different. The visible-light imagers such as everyday 
CMOS or CCD imager in cameras or smart phones are based on modern chip tech-
nology. Integrated with optical focusing system, tiny imaging chip can deliver wide-
angle large-area views [5]. However, due to the close-to-1 refractive index of X-ray 
in most materials, one cannot focus X-ray easily like visible and infrared light [6]. 
Therefore, large imager is needed for X-ray imaging. And in this case, large-area 
imaging matrixes are preferred to construct the electric circuits for imaging panels 
in a similar way to the display panel [7, 8].
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Fig. 1  The schematic 
diagram of PPF TFT 
detector

This systematic difference seems inessential, but it actually shapes the whole 
technology roadmap for X-ray imagers. The detection scheme needs to be compat-
ible with the current large imaging matrix techniques such as thin-film transistor 
(TFT), spliced silicon photomultipliers (SiPM), and so on for successful commer-
cialization. For instance, CsI and α-Se X-ray imagers, the current workhorses of flat 
panel detector (FPD), pave their way toward commercialization, due to the feasible 
integration of CsI and α-Se on TFT backplanes through thermal evaporation [9, 10].

Recently, there have been increasing reports on the X-ray imaging applications 
with perovskite polycrystalline films (PPFs) on TFT array backplane (as shown in 
Fig. 1). There are several advantages of PPF rendering it suitable for this technique 
including:

	1.	 A high stopping power for the X-ray. The large penetration depth of high-energy 
photons makes plenty of semiconductors such as silicon inadequate for efficient 
X-ray attenuation and detection. Thanks to the high average atomic number, PPF 
could more effectively absorb X-ray for sensitive detection [11].

	2.	 High intrinsic carrier mobility-lifetime (μτ) product. Though the mobility of 
PPF is moderate, the defect tolerance nature of perovskite material renders its 
polycrystalline state relatively long carrier lifetime. This unique advantage of 
PPF distinguishes it from other semiconductor materials whose polycrystalline 
films could suffer from severe trap-mediated recombination [12].

	3.	 Feasible integration technique. A convenient deposition method of PPF for the 
integration with TFT panels is the prerequisite of commercial production. 
Techniques such as paste blading and compression molding are under develop-
ment to satisfy the requirement of low-temperature integration with TFT back-
planes, which have led to successful development of prototype imaging panels in 
recent reports [13, 14].
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In this chapter, we focus on the specific topic of the integration of PPF with TFT 
for X-ray imaging. Firstly, we give an introduction of the current progresses in this 
specific area. Afterward, we would discuss the figures of merit for this flat panel 
detector. Moreover, we will address some specific issues including the optimal film 
thickness, the blocking interface, and the measurement protocol. Lastly, an outlook 
of the current challenges pending to be tackled for commercialized applications is 
provided.

2 � Recent Progresses

Integrating PPFs on TFT active pixel array backplane is one major step toward prac-
tical imaging applications. Such projects require not only the PPFs but also the 
matched TFT and readout circuit for successful demonstration of X-ray imaging, 
which have been pushed ahead with industrial resources. Park et al. firstly demon-
strated the integration of MAPbI3 PPF on TFT by paste doctor blading technique 
[14]. A polyimide (PI)-perovskite composites layer was inserted between the PPF 
and electrodes to enhance the adhesion of PPF to TFT backplane and reduce the 
dark current (Fig.  2a). An impressive sensitivity of 11,000 μC Gyair

−1  cm−2 was 
achieved with a spatial resolution of 3.1 lp mm−1 (as shown in Fig. 2b).

The paste-based process can achieve the direct deposition of perovskite PPFs on 
TFT without extra bonding processes, which is apparently advantageous. On the 
other hand, Deumel et al. developed an alternative strategy which can readily bond 
the pre-pressed free-standing perovskite PPF wafer with the TFT backplane [13]. 
The bonding process involved the liquification of perovskite power under methyl-
amine atmosphere and recrystallization after the removal of excessive methylamine. 
This solidification process provided the adhesion force between the TFT substrate 
and perovskite wafer. It is worth mentioning an additional photoresist grid was pre-
fabricated on the backplane before the bonding process to enhance the mechanical 
adhesion (Fig. 2c). Eventually, an ultralow detection limit of 0.22 nGyair per frame 
under an electrical field of 0.03 V μm−1 was achieved (Fig. 2d). The detection limit 
in the unit of nGyair per frame can be transformed to more universal nGyair s−1 under 
the given frame rate. And the detector showed an overall sensitivity of 1060 μC 
Gyair

−1 cm−2 and a spatial resolution of 6.0 lp mm−1 (Fig. 2e, f).
In addition to the normal TFT panel whose active layer is amorphous silicon 

(α-Si), indium-gallium-zinc oxide (IGZO)-based TFT has also been used to inte-
grate with PPFs. Park et  al. deposited guanidinium-doped MAPbI3 PPFs on the 
IGZO TFT backplane by the doctor blading technique [15]. Besides the IGZO chan-
nel material with higher mobility than α-Si, the utilized TFT had a top-gate structure 
with a pressure-sensitive air-dielectric layer (Fig. 2g). And the resulting detector 
had two sensory modalities including the X-ray and tactile pressure. The imaging 
demonstration by placing a live rat’s foot on the detector highlighted the potential to 
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Fig. 2  Perovskite TPF devices integrated with TFT. (a) Illustration of an all-solution-processed 
digital X-ray detector. (b) A hand phantom X-ray image obtained. Reproduced with permission 
[14]. (c) Exploded view of the different elements of the X-ray imager. (d) X-ray response as a 
function of dose. (e) X-ray image with the resolution of phantom structures taken by the indirect 
conversion (left) and MAPbI3 detector (right). (f) X-ray image of the hearing aid (left) and coro-
nary stent (right) taken by the pixelated MAPbI3 detector at a dose of 4.17 μGyair per frame. 
Reproduced with permission [13]. (g) Schematic layouts of the multiplexed detector that consisted 
of pressure-sensitive IGZO TFTs and X-ray detectors. In vivo imaging of the (i) X-ray and (j) the 
pressure on (h) rat’s foot. Reproduced with permission [15]. Copyright 2021, Wiley

inspect and diagnose nonplanar objects (Fig. 2h, i, j). Moreover, the imaging sensor 
could distinguish two adjacent objects that were only 100 μm apart.

Despite the abovementioned progresses, there are more related studies listed in 
Table 1 most of which are not integrated with pixelated TFT backplanes. Note that 
the summary is limited to thick three-dimensional hybrid PPF X-ray detection due 
to its leading position toward TFT integration and application.

From Table 1, one can see that a variety of detector parameters has been reported. 
For example, the thickness ranges from 200 to 1000 μm [16, 18] and the biasing 
field from 65.8 to 6000  V  cm−1 [19, 24]. There have been different detector 
architectures/X-ray tube voltages, and the resulting detectors perform vastly differ-
ent. Actually, in its infancy, there remains blurred lines regarding the detection 
scheme in this field. In the following sections, we shall try to untangle some topics 
which require close examinations.
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3 � The Figures of Merit

To start, there are various figures of merit available for X-ray imagers which are 
fundamental and essential to evaluate their performances. In the following we divide 
them into groups and give a brief introduction.

3.1 � Sensitivity and Detection Limit

Sensitivity with the unit of μC Gyair
−1 cm−2 is one of the most widely used parame-

ters to evaluate the performance of X-ray detectors. It is defined by dividing the 
photocurrent density by the dose rate. This quantity is similar to responsivity (A 
W−1) employed in visible and infrared detection, representing the response magni-
tude property of corresponding detectors [25].

Not only the response magnitude but also the background noise level would 
determine if a signal is detectable or not. According to the definition of International 
Union of Pure and Applied Chemistry [26], the detection limit D is the equivalent 
dose rate to produce a signal greater than three times the noise level which can be 
formulated as:

	
D

i
A s A

n�
�
�

�
�

�3 3
dark

SNR 	

where in − dark is the noise current under dark condition, A is the area of the active 
region, and s is the sensitivity. This parameter indicates the lowest detectable dose 
rate. For medical X-ray detection, a lower dose is favored to avoid potential ionizing 
radiation damage to the DNA molecules. Therefore, the detection limit, which 
reflects both the noise and response magnitude levels, is a vital and more compre-
hensive detector parameter. For infrared and visible sensor, specific detectivity (D*) 
has been widely used and defined as:

	
D

A f
A f� �

�
� �� � ��

�
NEP

SNR

	

where A is the area of the active region of the detector, ∆f the bandwidth, and NEP 
the noise equivalent power [27]. One can see that D and D* have similar underlying 
physical meanings. It is worth mentioning that as the noise level is dependent on the 
sampling frequency, the ∆f should be noted when measuring the detection limit 
[13, 28].
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3.2 � Dark Current

The dark current or called leakage current is an important parameter of FPD. It is 
worth mentioning that the shot noise has been suggested as the main noise source in 
perovskite detectors, and the amplitude of the shot noise is proportional to the 
square root of the dark current [29]. However, as the detection limit already takes 
the noise level into consideration, one doesn’t necessarily need to use dark current 
to measure the significance of noise.

The importance of dark current lies mainly on the systematic level. In actual 
application, during the shutter open time, the dark current and photoresponse will 
store charges in corresponding capacitors. As the volume of capacitors is limited 
due to size constraints in TFT backplanes, the magnitude of the dark current directly 
poses an upper limit to the dynamic range [30]. In extreme cases, the dark current 
could fully fill the capacitors under given shutter open time, and all the pixels would 
be “overexposed” masking the sensor’s photoresponse completely.

Therefore, the dark current itself is an irreplaceable criterion, not to measure the 
device’s property but to evaluate the integration availability of the corresponding 
detectors with TFT panels.

3.3 � Spatial Resolution and Detective Quantum Efficiency

Not like the figures of merit discussed above, the spatial resolution and detective 
quantum efficiency (DQE) are not the property of discrete device, but the whole 
imaging system.

The spatial resolution equals the spatial frequency when the modulation transfer 
function (MTF) of the corresponding imager drops to 0.2 [31]. Generally speaking, 
based on the imaging of a line-pair test phantom with a series of spatial frequencies, 
the MTF values at the corresponding spatial frequency can be calculated as:

	
MTF �

�
�

I I
I I
max min

max min 	

where Imax and Imin are the brightest and darkest intensity for certain line pair. The 
MTF can also be extracted by Fourier transform of a knife-edge image which is 
more convenient in some circumstances [32].

The spatial resolution is an intuitive parameter which is the final evaluation index 
of an imaging system. But it depends on many more influence factors other than the 
detectors’ quality itself. For example, the X-ray source intensity and pixel size 
would significantly determine the imager’s spatial resolution [33].
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DQE defines the ability of the imaging system to transfer the signal with differ-
ent spatial frequencies from input to output as [34]:

	

DQE f
SNR f

SNR f

out

in

� � � � �
� �

2

2

	

Ideally, an imaging system should have a DQE equals unity, but in practice all 
imager would increase the noise and the DQE would deviate from unity. As the 
MTF can be defined as the redistribution of image quanta, SNRout(f) is proportional 
to MTF(f). Overall, DQE is a more comprehensive parameter for the imager reflect-
ing the properties of both the single detector and whole system [35].

3.4 � Image Lag and Ghosting

The image lag and ghosting reflect the dynamic features of image sensors. As shown 
in Fig. 3, the image lag means the carryover of signals from previous X-ray expo-
sure to the subsequent image frame. In other words, the charge carriers generated by 
one exposure will induce signals in several following frames. Ghosting, on the other 
hand, means that the sensitivity of X-ray detectors changes along with its exposure 
to X-rays, and usually it would decline [36].

Generally speaking, these properties are of no concern for a single-shot image, 
but of vital significance for dynamic medical imaging applications such as CT and 

Fig. 3  Illustration of image lag (up) and ghosting (down) after exposing a detector through an 
aperture
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dynamic digital radiography [37, 38]. These parameters, though defined on system-
atic level, are largely determined by single detector’s properties. The image lag is 
determined by the carrier trapping profile in corresponding detectors while ghosting 
by detector’s stability against X-ray illumination.

4 � Specific Topics

In this section, we will address several specific topics regarding PPF FPD focusing 
on optimizing these figures of merit discussed above. Firstly, we would discuss 
about the proper PPF thickness for optimal detector performance. Secondly, we 
provide our perspective on detector structures and blocking interfaces. Lastly, we 
will check the measurement protocols for proper determination of detector 
parameters.

4.1 � Film Thickness

The optimal thickness of PPF for X-ray detection is a nontrivial question at present. 
The film thickness is one major parameter dominating the signal output amplitude, 
influencing the sensitivity and detection limit of corresponding detectors. The cur-
rent PPF X-ray detectors have been reported with a thickness from hundreds of nm 
to hundreds of μm [39, 40]. However, different thickness PPF would require com-
pletely different deposition techniques. For films with a thickness below 10 μm, 
spin coating is a widely used mature technique [41]. Extensive experience from the 
perovskite solar cell community can conveniently help prepare the corresponding 
high-quality PPFs. On the other hand, if films over 100 μm are needed, vastly dif-
ferent techniques such as paste blading or compression molding need to be devel-
oped. Enormous technical problems will need to be addressed such as the slurry 
handling, voids removal, and substrate integration. Therefore, it is of prime impor-
tance to ascertain the optimal thickness for PPF X-ray detection.

Usually regarding this question, the absorption of X-ray by PPFs is considered. 
According to Beer-Lambert’s Law, the intensity of X-ray would decline exponen-
tially with the distance from surface, and the absorption can be calculated 
accordingly:

	
I z I e z� � � �

0
�

	

	
A z e z� � � � �

1
�
,
	

where z is the depth, α is the attenuation coefficient, I0 is the incident X-ray inten-
sity, and I(z) and A(z) is the X-ray intensity and absorption ratio with a depth of z. 
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Fig. 4  The attenuation efficiency of 30 keV X-ray photons of typical semiconductor materials 
with varying thicknesses

The absorption curve with different film thicknesses can be calculated with certain 
material composition and X-ray photon energy (as shown in Fig. 4). Sandro et al. 
suggested a thickness with 90% absorption as a guideline for optimal X-ray detec-
tors [42]. They claimed that as one prime advantage of direct detection is that the 
spatial resolution doesn’t degrade with increasing thickness, a thick PPF could best 
take this advantage yielding the potentially highest signal.

This argument is ideally valid; however, in practice there may be more factors to 
consider. Firstly, one needs to realize that this statement assumes an upper limit of 
signal, which is true in scintillator detectors, solar cells, et al. However, in some 
other device architectures such as photoconductive detectors, the origin of response 
signal is mainly the gain effect which is directly dictated by the charge carrier den-
sity profile under radiation [43]. In this case, the carrier density (cm−3) rather than 
the integral carrier generation profile (cm−2) is more influential. But as the PPF 
X-ray FPD, in our understanding, should best be photovoltaic, a thicker PPF would 
be advantageous.

Secondly, even for the photovoltaic devices, the current performance is still far 
from taking full advantage of a thick PPF. In Fig. 5, Qianqian Lin et al. reported the 
current density-voltage behavior of a photovoltaic PPF device with a thickness 
ranging from 1 to 10 μm [44]. Under 100 mW cm−2 white-light illumination (as 
shown in Fig. 5a), the thinnest 1 μm film shows the highest current output due to the 
better carrier extraction ability with a stronger electric field. Under 80.3 μGyair s−1 
X-ray irradiation, on the other hand, 6 μm PPF yields the highest current output at 
−1 V (seen in Fig. 5b). This result suggests that though thicker PPF could better 
absorb the X-ray, it may not deliver a higher signal due to the incomplete charge 
collection. Due to the low intensity of X-ray radiation in practice, the trap-assisted 
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Fig. 5  (a) Comparison of J–V curves measured in the dark (dashed lines) and under 100 mW cm−2 
white-light illumination (solid lines) of (BA2PbBr4)0.5FAPbI3 devices with various film thicknesses. 
(b) J–V curves of (BA2PbBr4)0.5FAPbI3 thick junctions with various thicknesses under 80.3 μGyair 
s−1 X-ray irradiation. Reproduced with permission [44]. Copyright 2022, Elsevier

recombination is more prominent, and larger electric fields are needed to collect the 
carriers. Therefore, at this stage, it is not clear whether a thick PPF is beneficial 
absorbing more X-ray photons or detrimental diminishing the internal field. 
Applying high biases could give thick PPFs an advantage over thin PPFs, but there 
are always limitations to the practicable operating voltage such as the bias stability 
and acceptable dark current limit of the corresponding detectors.

Another potential advantage of using thick PPF is to avoid the potential damage 
of X-ray radiation to the flat panel circuit for radiography applications. This concern 
is plausible but only partly true. The current commercial sensor matrixes include 
different species such as charge-coupled device (CCD), complementary metal-
oxide-semiconductor transistor (CMOS), amorphous silicon (α-Si), low-temperature 
polycrystalline silicon (LTPS), and amorphous indium-gallium-zinc oxide 
(α-IGZO). These different transistor panels have different resistivity against X-ray 
radiation. Amorphous TFTs such as α-Si are highly resistive to X-ray radiation, 
while CMOS technology has a limited radiation hardness [45–47]. In our under-
standing, as the α-Si TFT is the main radiography imager for X-ray detection (such 
as scintillators and α-Se), the radiation damage is not a big concern for thin PPFs. 
On the other hand, if a CMOS image chip is employed for certain applications (e.g., 
the small pixel CMOS chips for micro-CT product), a thick PPF to completely 
attenuate the incident X-ray and protect the image circuit is necessary.

In short summary, in this section the underlying factors for the optimal PPF 
thickness in X-ray detectors are discussed. Due to the potentially higher dark cur-
rent of photoconductive detectors, photovoltaic detectors are preferred at present to 
integrate with TFT backplanes which would require a thick PPF. However, at the 
present stage, the advantages of over 100 μm PPF for X-ray imaging are not fully 
explored. With unoptimized charge extraction ability, the benefits of higher X-ray 
attenuation may be completely cancelled out by lower charge collection. The benefit 
of thick PPFs to screen the imaging panel underneath from X-ray radiation is not 
compulsory for TFT backplanes.
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4.2 � Blocking Interface

The blocking interface is one core concept for PPF X-ray detector and distinguishes 
photovoltaic detectors from photoconductive detectors. Fundamentally, the photo-
conductive detectors possess the gain effect due to an enhanced charge carrier injec-
tion from adjacent electrodes in the absence of a well-performed blocking interface 
under illumination. The blocking interface would suppress the charge injection 
under dark (reduce the dark current) and under illumination (lead to the photovol-
taic behavior if the charge collection profile is ideal), which is preferred to facilitate 
the integration with TFT panels.

One might still wonder if the blocking interface would be essential for PPF X-ray 
FPD to reduce the dark current. A semi-insulating PPF seems to also suffice with a 
low equilibrium charge carrier density (given the mobility of PPF is more or less 
fixed). However, this strategy may not be valid considering the space-charge-limited 
current (SCLC) effect. The space charge is the net charge injected by the contacts, 
breaking the condition of charge neutrality implying there will be more carriers 
under bias voltage than the background charge carriers [48]. The SCLC follows the 
well-known Mott and Gurney equation:

	
J V

L
�
9

8

2

3
�� ,

	

where μ is the mobility of the conducting carrier, V is the applied bias, and L is the 
device thickness. One can tell that the magnitude of SCLC is not limited to the 
material equilibrium carrier concentration, but to the mobility. Therefore, a semi-
insulating PPF would not reduce the amplitude of SCLC. The theoretical SCLC 
density is estimated for conventional perovskites using reported εr and μ values of 
25 and 1 cm2 V−1 s−1, respectively. For a 500 μm PPF, the result is 20 V2 nA cm−2. 
This result means a very low working bias (< 0.3 V) is needed to maintain the dark 
current below 1 nA cm−2, which would greatly diminish the device’s detection abil-
ity. To go further, for photoconductive detectors with the SCLC contributing to the 
dark current, the light-to-dark current ratio depends largely on the nonequilibrium 
carrier concentration under illumination, which further relies on the light intensity 
and carrier lifetime. Therefore, for weak light application such as X-ray imaging 
and non-photoresistor type of materials, the photoconductive detector is not a pref-
erable option.

A plausible and confusing argument is that semi-insulating active layer could 
guarantee a low dark current and be used in photoconductive detectors. The above 
discussion indicates it is not the case. Indeed, for the widely studied α-Se FPD with 
an α-Se layer of higher resistivity, the detector is still made photovoltaic, either 
through Schottky barriers or injection blocking layers [9, 49].

There are several strategies to produce blocking interfaces with adequate barrier 
heights. The simplest one is to select the right electrodes which can form high-
quality Schottky barrier with PPFs. In Fig. 6, we show three typical examples of the 
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Fig. 6  The potential energy band diagrams of Schottky-type detectors. (a) Asymmetric electrode 
structure with large Schottky barrier. (b) Asymmetric structure with medium Schottky barrier. (c) 
Symmetric electrode structure with small Schottky barrier

energetic structures of Schottky junctions. The blocking effect theoretically depends 
on the barrier height which is energy-level differences between the low work func-
tion electrode with the valence band edge and the high work function electrode with 
the conduction band edge. To evaluate the Schottky diode behavior, one should take 
both interfaces and bias directions into consideration. If one interface cannot pro-
vide rectifying effect, it would already jeopardize the whole device. For example, in 
Fig.  6b and c, the work function of certain electrode sits in the middle of the 
perovskite band gap leading to moderate barrier height for both electrons and holes. 
This may ideally block the injection of electrons and holes effectively or not form 
competent rectifying interface at all. Which direction to go largely relies on the 
band gap width of the semiconductors. And for the X-ray FPD application, a ~1.5 eV 
band gap width of iodine-based perovskites is, in our idea, too narrow to support 
adequate rectifying effect. Therefore, the energetic structure in Fig.  6a is more 
advantageous necessitating a careful selection of both interface electrodes. 
Considering the possible pinning and metal alloying effect, the surface states of 
PPFs and chemical reactions with metals will both exert an influence and compli-
cate the final rectifying effect [50, 51].

Inserting blocking interlayers is an alternative to suppress the dark current of 
PPF detectors. There are extensive experiences of certified electron and hole block-
ing materials for iodine-based perovskites from the perovskite solar cell commu-
nity. But practical difficulties emerge when implementing this strategy. For the PPF, 
the surface roughness is much larger [14]. For perovskite solar cells, a very flat thin 
perovskite layer can be easily covered by tens of nm blocking layers, while for PPF, 
thicker blocking layer in the μm range would be necessary which leads to a large 
series resistance. Huang et al. have developed to use perovskites of different band 

H. Hu et al.



337

structures to form the barrier for suppressed dark currents [23]. One benefit of this 
scheme is to directly produce the barrier during the fabrication of PPF saving the 
trouble of depositing thick blocking layer afterward. However, there may be risks of 
halide ion interdiffusion which would change the barrier profile and rectifying effect 
in the long-term run [52].

To sum up, in this section we address the necessity of blocking interfaces for PPF 
detectors to reduce dark currents. We note that a Schottky diode type of detector 
working at reversed bias would be ideal if the proper metal electrodes can be picked 
out. Otherwise, blocking interlayers are needed. Right now, one tricky problem is 
the surface roughness of PPF which requires further planarization treatments for 
high-quality contact fabrication.

4.3 � Measurement Protocols

How to conduct precise and meaningful measurements is no simple question in 
various scientific fields. Back during the early development of perovskite solar 
cells, due to the notorious hysteresis behavior, preconditioning and long-time maxi-
mal power point tracking were gradually promoted for a precise evaluation of the 
cell performance [53]. For perovskite X-ray detectors, the measurement protocol is 
also not mature and requires close examination.

The detector’s sensitivity is one important parameter as discussed above. Right 
now, a highest value of 4.2 × 105 μC Gyair

−1 cm−2 has been reported for a 760 μm 
hot-pressed MAPbI3 film [19]. Such a high value implies the contributions of gain 
effect in the photoconductive detector. Besides the fact that photoconductive detec-
tor probably cannot satisfy the requirements to integrate with TFT panels, one trou-
blesome problem is that the sensitivity of a photoconductive detector is, to a great 
extent, limited by the external voltage applied. As the bias increases, the photores-
ponse also increases producing a higher sensitivity. Therefore, the value may be in 
the end absurdly determined by the measurement range of the source meter. Another 
tricky fact is the dependance of the sensitivity on the beam quality including the 
dose rate and energetic spectrum of X-ray. Figure 7a presents the X-ray sensitivity 
measured under different tube voltages and dose rates with a Schottky photovoltaic 
CsPbBr3 device [54]. With different X-ray filters, the X-ray has different photon 
energy distributions. And with harder X-ray, a larger sensitivity is obtained with the 
same detector. The value varies from 15 to 5111 μC Gyair

−1 cm−2 which indicates the 
huge impact of beam quality.

Therefore, we suggest that the sensitivity should be more carefully referred. It 
should be marked clearly if it is the sensitivity of a photovoltaic or photoconductive 
detector. And for photoconductive detectors, we suggest a unified biasing condition 
for intercomparison between different researches. Given the current reported condi-
tions, an electric field of 100 V cm−1 is an acceptable condition which doesn’t dam-
age the detectors in most studies. Note this value is far lower than the optimal field 
(>1000 V cm−1) for charge collection in CsPbBr3 γ-ray detectors [51, 55]. On the 
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Fig. 7  (a) X-ray sensitivity corresponding to specific tube voltage and dose rate by the Schottky 
CsPbBr3 device. Reproduced with permission [54]. Copyright 2022, Wiley. (b) Rise and fall time 
response dependent on the applied bias. Reproduced with permission [14]. (c) Image lag of the 
X-ray response after one frame (35 ms, red square), five frames (green dots), and ten frames (blue 
triangles) for the exposition with the RQA5 spectrum, RQA5  +  15  mm Al filtration, and 
RQA5 + 1 mm Pb. Within the scope of measurement accuracy, the image lag is independent of the 
dose and the exposed X-ray spectrum. Reproduced with permission [13]

other hand, the IEC 62220–1-1:2015 International Standard provides comprehen-
sive guidelines how to capture and analyze X-ray images to characterize digital 
X-ray detectors where the beam quality is also defined such as RQA5 and RQA7 
[34]. And we suggest the beam qualities should be modulated to fit with the RQA5 
or RQA7 criterion.

Cao et  al. provide a practical procedure to determine the detection limit of 
perovskite X-ray detectors [28]. As the detection limit is also subject to the sam-
pling frequency (which can influence the noise current level), given that typical 
X-ray dynamic imagers operate with a frame rate of 30 fps, we suggest a sampling 
frequency of 30 Hz to be employed when measuring the fluctuation of the dark cur-
rent [56]. Also, we suggest to use the same biasing condition as in the sensitivity 
measurement to extract the detection limit for consistency.

Besides the above discussed sensitivity and detection limit, dark current is 
another important figure of merit. Generally, measuring the dark current is simple, 
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but the determination of the dark current density is thought-provoking. It is worth 
questioning that when shrunk to tens of μm range, would the detectors still maintain 
the same dark current profile as they are in the mm range? Actually, the unspoken 
assumption that the dark current density is universal, no matter for large or small 
pixel size, is not eternally right. Serious uniformity issues might arise as large-area 
pixel averages the output current [57]. Therefore, one should provide the dark cur-
rent results of various pixel sizes for a meaningful evaluation of this parameter.

The detector’s bandwidth is an often-neglected property for PPF X-ray detector 
which may be due to unspecified application requirements. Recently, the emergence 
of single-photon counting CT technique inspires an evaluation of X-ray detector’s 
bandwidth to extract the maximal counting rates [58, 59]. For PPF detectors, given a 
hole carrier mobility of 1 cm2 V s−1, the mean carrier drift time across a 0.5 mm thick 
detector is about 0.5 ms at 100 V cm−1. This means, ideally, the detector would run out 
of the X-ray generated charge carriers in 0.5 ms after the X-ray is switched off, cor-
responding to a theoretical bandwidth of 2000 Hz. This value is much lower than the 
sampling frequency of CT due to the low mobility and bias endurance of polycrystal-
line perovskites, but seems to satisfy the requirements of dynamic digital radiography 
[60]. Due to the charge trapping effect, the detector’s bandwidth ends up lower in 
practice leading to the image lag phenomenon. Due to the lack of modulation means, 
it is difficult to measure the bandwidth of PPF X-ray detectors. As the switching speed 
of X-ray tube is slow, one possible means is to use a chopper system to generate the 
X-ray pulses with target repetition rates [61, 62]. One may also gather some relevant 
information from the temporal profile of signal rising/falling processes. Lee et al. pre-
sented the rise and fall time responses of corresponding PPF detectors under a series 
of applied biases. Around 10 ms rise/fall time was obtained under high biasing condi-
tion (as shown in Fig. 7b) [14]. It is worth noting that the fall time only depends on the 
fast decay process of the signal, while the slow decay process can also bring about the 
image lag. In Fig. 7c, Deumel reported that the lag after 35 ms was 71 ± 18% of the 
original value, but after 350 ms the lag decreased down to 7 ± 1% [13].

To summarize, in this section we provide our perspectives on the characteriza-
tions of detector parameters. We think the sensitivity should be compared under 
controlled measurement conditions. The detection limit is a more comparable 
parameter given the noise level is measured under the consistent sampling fre-
quency. To rule out the influence of pixel size, the dark current density should be 
extracted from a series of different sizes of detectors. As the temporal response of 
PPF X-ray detectors is one key property for high-speed dynamic imaging applica-
tions, the characterization of detector bandwidth requires further clarifications.

5 � Conclusion

Perovskites have been the wonder material of the last decade and expected with 
widespread applications. To integrate with TFT backplanes for X-ray imaging is 
one of the most promising scenarios for perovskites. PPF possesses a high X-ray 
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attenuation ability, decent carrier transport ability, and feasible large-area deposi-
tion technique, which make it one of few semiconductors suitable for this applica-
tion. Compared to commercial α-Se detector, PPF X-ray FPD supports X-ray 
imaging of higher energy ranges under lower operating voltages, which can become 
a game changer.

Therefore, this project has been continuously attracting industrial attention with 
a series of reports on the protype FPD. This chapter is focused on this specific topic 
of PPF X-ray FPD. An overview of the recent developments is provided, followed 
by the key figures of merit of the detection scheme. Moreover, we share our under-
standings on some poorly defined topics in this area. Currently, there have been 
interesting relevant studies based on rather thin solar-cell-type perovskite film or 
reporting very high sensitivity with a large gain factor. Though these projects could 
contribute to flexible or photoconductive detection techniques, we suggest for TFT-
based X-ray FPD, a rather thick PPF with blocking interfaces is preferred.

Despite the bright prospect and rapid progress, there remain thorny challenges. 
One most prominent one is the overlarge dark current. Blocking interfaces consti-
tuted of either metal electrodes or selective transporting layers need to be further 
developed. This problem is closely related to the PPF quality. The surface states of 
PPF directly impact the barrier height of the blocking interface, and the surface 
roughness also influences the resulting junction quality. Therefore, to construct a 
reliable blocking interface is a systematic project. On the other hand, further increas-
ing the working bias or mobility of PPF detectors would open up new application 
fields toward fast-speed imaging, which sets up a long-term goal [63]. Overall, with 
continuously devoted research efforts, rapid technique breakthroughs are antici-
pated, and the commercial PPF X-ray FPD is just around the corner.
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