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Abstract: Due to their many varieties of excellent optoelectric properties, perovskites have at-

tracted large numbers of researchers in the past few years. For the hybrid perovskites, a long dif-

fusion length, long carrier lifetime, and high μτ product are particularly noticeable. However, some 

disadvantages, including high toxicity and instability, restrict their further large-scale application. 

By contrast, all-inorganic perovskites not only have remarkable optoelectric properties but also 

feature high structure stability due to the lack of organic compositions. Benefiting from these, 

all-inorganic perovskites have been extensively explored and studied. Compared with the thin film 

type, all-inorganic perovskite single crystals (PSCs) with fewer grain boundaries and crystalline 

defects have better optoelectric properties. Nevertheless, it is important to note that only a few re-

ports to date have presented a summary of all-inorganic PSCs. In this review, we firstly make a 

summary and propose a classification method according to the crystal structure. Then, based on 

the structure classification, we introduce several representative materials and focus on their cor-

responding growth methods. Finally, applications for detectors of all-inorganic PSCs are listed and 

summarized. At the end of the review, based on the current research situation and trends, some 

perspectives and advice are proposed. 

Keywords: all-inorganic perovskite; single crystal; crystal growth; radiation detection;  

photon detection 

 

1. Introduction 

In the last 10 years, PSCs have attracted large numbers of researchers due to their 

low defect density, long carrier lifetime, and excellent optoelectronic properties [1–7]. 

The chemical formula of perovskite is ABX3 (A = CH3NH3+ (MA) or NH2CHNH3+ (FA), 

Cs+, B = Pb2+ or Sn2+, and X = Cl−, Br−, or I−). Among them, hybrid organic–inorganic per-

ovskites, represented by MAPbX3 (X = Cl−, Br−, I−) and FAPbX3 (X = Cl−, Br−, I−) [8–11], 

have achieved high power conversion efficiency (PCE) in the solar cell. Some solar cells 

based on the single crystal have also achieved excellent PCEs of 25% or higher [11–14]. 

Owing to this, hybrid-type PSCs have also been widely used in the field of detectors, 

including in X-ray medical detectors [15–17], gamma-ray detectors [18], and so on [19–

24]. Although their noticeable merits have attracted many researchers to study them in 

depth [3,5,25–27] and propose large numbers of improvement methods [28–32], some 

disadvantages are still inevitable. It has long been thought that the toxicity brought by 

the lead element and poor stability of perovskite [33–36] have hindered their broad ap-

plications and become the major problems that need to be solved. 

Compared with those hybrid perovskites, all-inorganic type perovskites demon-
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strate better stability in the air [37–43], and some of them are lead-free [44], which also 

contain similar merits such as long charge-carrier lifetimes [45], large diffusion length 

[43], high average atomic numbers, and general tolerance to defects [46]. Benefiting from 

these remarkable properties, all-inorganic perovskite single crystals, represented by 

CsPbX3 (X = Cl, Br, I), are becoming promising candidates to develop an optoelectronic 

device with high and stable performance. Therefore, they have attracted much attention 

in recent years [47–50], and to reach higher device performance, more and more scientists 

have been devoted to the field of improving crystal growth methods [51–54] and ex-

ploring more kinds of new perovskite materials such as low-dimensional materials, 

double perovskite crystals, and doped perovskite crystals. 

Thin films always contain more defects and grain boundaries than those of single 

crystals [55,56], leading to their worse optoelectric properties. Besides, due to the com-

plex compositions in thin films, the properties of crystals are not easy to be studied and 

explored, which may hinder the process of their understanding and application. By con-

trast, single crystals could demonstrate intrinsic properties that are influenced by fewer 

external factors than thin films. There is no doubt that better growth is a requirement for 

the generation of single crystals of high quality. To fabricate optoelectronic devices with 

better performance, optimized growth methods currently still need to be explored and 

studied in more depth. The growth method is now playing a more and more important 

role in the fabrication of all-inorganic PSC devices. Nevertheless, there have been few 

reports about the summary of all-inorganic perovskite single crystal growth methods. 

Therefore, a systematic summary of the growth and applications of all-inorganic PSCs 

may help to shed more light on understanding this material system and provide new 

perspectives to researchers. Since the application of all-inorganic PSCs is mainly focused 

on the detector field, we mainly introduce its application in the detector in this article. 

In this review, firstly, all-inorganic PSCs are divided into several categories accord-

ing to their structure. Then, based on the classified PSCs, we introduce their corre-

sponding growth methods and related research. Some novel improvements to optimize 

the growth methods are listed and discussed. Finally, the application of materials in ir-

radiation and photon detectors is discussed in detail. At the end of the review, perspec-

tives and outlooks are proposed based on the current research situation and works. 

2. Classification of All-Inorganic PSC 

It has been thought that the most common formula of perovskite is ABX3, in which A 

represents an organic or inorganic cation such as MA, FA, or Cs cation, and B represents 

a Pb or Sn cation. Meanwhile, X represents halogen anions such as Cl, Br, and I. When the 

perovskite not only contains organic composition at the A site, but also contains inor-

ganic composition at the B site, this kind of perovskite can be categorized as an organic–

inorganic hybrid perovskite, represented by MAPbX3. On the contrary, if perovskite does 

not contain any organic composition, this means that it can be categorized as 

all-inorganic perovskite. 

When the A sites are inorganic ions, this kind of perovskite can be regarded as 

all-inorganic perovskite; that is, there are no organic compositions in materials, which 

results in their ultrahigh stability, represented by CsPbBr3. 

Apart from the ABX3 conventional type all-inorganic perovskite, other kinds of 

structures include a double perovskite structure and low-dimensional structure, whose 

chemical formulas are represented by ABIBIIIX6 and AnBX3+n (n = 3), respectively. 

All-inorganic perovskites with these novel structures could be made lead-free more eas-

ily and also contain larger numbers of attractive merits than the ABX3 type; as a result , 

they are becoming more and more important in the family of all-inorganic perovskites 

[57]. Therefore, all-inorganic PSCs with these novel structures are also emphasized in this 

review. 

Except for the pure perovskite mentioned above, some emerging doped PSCs play a 

crucial role in the family of all-inorganic PSCs [58]. By exploring doped PSCs, we can 
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deeply understand the role of their composition in compounds, which could greatly help 

researchers to create a systematic PSCs growth theory. Therefore, some doped 

all-inorganic PSCs are also introduced in this review to thoroughly study the properties 

of all-inorganic PSCs. 

Considering the above-mentioned points, PSCs can be divided into three categories 

including ABX3 type all-inorganic PSCs, PSCs with special structure, and doped PSCs. 

Additionally, PSCs with low dimensions and double perovskite PSCs, which belong to 

the family of PSCs with special structures, are discussed separately. Classification of 

all-inorganic PSCs is shown in Figure 1. According to the classification, we successively 

introduce the family of all-inorganic PSCs and their corresponding growth methods. 

 

Figure 1. Classification of all-inorganic PSC: ABIBIIIX6 type, low-dimensional type, mixed type, and 

ABX3 traditional type PSC. 

3. Traditional ABX3 Type All-Inorganic PSCs 

The ABX3 type structure is regarded as the representative structure of perovskite. 

Large numbers of earlier and meaningful reports on perovskite are based on this kind of 

typical structure. Thus, in the beginning, we introduce the most common type of perov-

skite and list the progress of crystal growth methods. 

3.1. CsPbBr3 

All-inorganic perovskite single crystal, CsPbBr3 single crystal (CsPbBr3 SC), was first 

studied in the 1950s [59]. Currently, CsPbBr3 growth methods can be classified into two 

kinds of methods: the Bridgman method [60] and the solution-grown method [61]. Based 
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on the Bridgman method, improvement measures have been put forward including op-

timizing the process parameters and changing the structure of the device, such as in the 

electrodynamic gradient (EDG) method [52,53]. In terms of solution growth, a large 

number of optimized growth methods have been proposed by exploring the effect of 

solution components and optimizing the growth condition and situation. Due to the ex-

cellent properties of CsPbBr3, it has adopted the most representative role in the family of 

all-inorganic perovskite. Therefore, growth methods—especially the Bridgman method 

and the solution-grown method of the CsPbBr3 PSCs—are summarized in detail first in 

this review. 

I. Bridgman method 

As a traditional growth method, the Bridgman method was first proposed by 

Bridgman in 1925 to grow single crystals of tungsten, zinc, tin, and so on. It is curretnly 

widely used to grow high-quality and large-size inorganic materials due to its amenabil-

ity to scale-up and vacuum conditions [62,63]. Benefiting from these merits, the Bridg-

man method has become a crucial method to grow all-inorganic PSCs. 

Using the Bridgman method, Stoumpos et al., succeeded in growing CsPbBr3 PSCs 

with a large size for the first time. They also firstly provided the detailed process of its 

growth and parameters. Followed by them, He et al. optimized the growth condition 

based on the relation between the resulting defects and the excessive temperature gra-

dient. After carefully optimizing parameters, CsPbBr3 PSCs of high purity (shown in 

Figure 2a) were synthesized and showed excellent performance in the gamma-ray de-

tector. They also confirmed that CsPbBr3 exhibits two nondestructive phase transitions at 

relatively low temperatures. The first phase transition occurs around 130 °C, from a cubic 

to tetragonal first-order phase transition. This is followed by a second-order transition at 

around 88 °C to the orthorhombic phase, which is stable at room temperature as shown 

in Figure 2c [64]. 

To create a more stable device and avoid the defects caused by the vibration of the 

growth furnace, Zhang et al., invented the EDG method. Compared with the conven-

tional Bridgman method, mutual movement between the heating device and the am-

poule is avoided in the EDG method, whose gradient zone is formed in an adiabatic 

space and can be precisely controlled by adjusting the temperature of the heating zone 

and cooling zone. In this case, the temperature gradient can change smoothly, which in-

creases the possibility of obtaining purer crystals in the furnace. 

Aiming to explore more state-of-the-art CsPbBr3 growth techniques, some other in-

novative methods such as the traveling zone melting method [65] have been proposed 

and must studied further. 
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Figure 2. (a) Optical images of Bridgman-grown CsPbBr3 PSCs. Adapted with permission from Ref. 

[64]. 2018, Springer Nature; (b) phase transition process of CsPbBr3 at different temperature. 

Adapted with permission from Ref. [64] 2018, Springer Nature; (c) phase transition process of 

CsPbBr3 at different temperature. Adapted with permission from Ref. [54]. 2017, American Chem-

ical Society; (d) different solubility-temperature profiles in DMSO solvent and DMSO mixed sol-

vent. Adapted with permission from Ref. [66]. 2016, American Chemical Society. 

II. Inverse temperature crystallization (ITC) method 

In the solution-grown method, precursor solution plays an important part in crys-

tallization. Due to the large difference in solubility among raw materials, the synthesis 

phase diagram of CsPbBr3 is more complex than that of hybrid perovskite, requiring the 

careful design of the solvent and stoichiometry to avoid unnecessary phase generation. 

Saidaminov et al. and Rakita et al. all reported that precursor solution containing 1:1 CsBr 

and PbBr2 cannot result in perfect CsPbBr3 SCs, and the ratio of raw CsBr and PbBr2 ma-

terials needs to be modified [43,61]. After careful analysis, Saidaminov et al. systemati-

cally studied this phenomenon and finally designed an optimized ratio of raw materials. 

Firstly, due to the limited solubility of N,N-dimethylformamide (DMF), Saidaminov 

et al. chose dimethyl sulfoxide (DMSO) as the solvent of the precursor solution. When the 

experiment was carried out using precursor solutions of 1:1 and 1:1.5 CsBr and PbBr2, 

they found that impurity phase Cs4PbBr6 still dominated the composition of resulting 

crystals. The reason may be the higher solubility of PbBr2 than that of CsBr. Therefore, 

when increasing the component of PbBr2 to the 1:2 ratio, the target CsPbBr3 SCs begin to 

be dominant regardless of some CsPb2Br5. After filtering the solution at 100 °C instead of 

at room temperature, pure CsPbBr3 SCs are obtained. The detailed results of the experi-

ments are shown in Figure 2e [43]. They confirmed that CsPbBr3 SCs grown by the ITC 

method have the same bandgap and structure as the crystals grown by the Bridg-

man-grown method. 

Dirin et al., inspired by the solvent used in hybrid PSCs growth, adopted a better 

solvent containing DMF and γ-butyrolactone, whose solubility–temperature profile 

(shown in Figure 2b) can be smoother than before [66]. The improved solvent can im-

prove the reproducibility of results and lead to fewer nuclei compared with the former 

report. Rakita et al. used MeCN and MeOH to decrease the growth temperature in a 
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similar way—after using a two-step heating method, they also finally obtained ideal pure 

target crystals. As mentioned above, the phase structure of CsPbBr3 PSCs would change 

when heating. To restrict the phase transition, with the help of choline bromide (CB), 

Feng et al. developed a growth method and efficiently decreased the growth temperature 

to 85 °C. Without high growth temperature, defects in crystals were efficiently reduced 

[67]. 

III. Anti-solvent vapor-assisted crystallization (AVC) method 

Inspired by the AVC method used to grow hybrid PSCs, Rakita et al. firstly reported 

the solution-grown method to fabricate CsPbBr3 PSCs and made up for the vacancy in the 

solution growth method [61]. 

They made a great effort to find a proper anti-solvent to saturate the solution ap-

propriately and solve the problem of the different solubilities between CsBr and PbBr2. 

Unlike the precursor solution used in the ITC method, in this case, the precursor solution 

was added with an anti-solvent to make the solution saturated in advance. Then, the 

solution was put into a container and a balanced antisolvent atmosphere created to dif-

fuse the antisolvent into the growth solution. The scheme of the device is shown in Figure 

2d. 

To control the growth rate and shed more light on the growth of CsPbBr3 PSCs, 

Zhang et al. adopted the diluted antisolvent MeOH-DMSO to reduce the vapor pressure 

of MeOH. They explored the optimized condition that the ratio of PbBr2 and CsBr in the 

precursor was 1.5:1 and the corresponding mixed antisolvent composition was 50% 

DMSO and 50% MeOH. Based on this, they obtained the largest CsPbBr3 PSC with a size 

of 42 × 5 × 3 mm3 of higher quality [54]. Shen et al. thought of CH2Cl2 as an antisolvent for 

CsPbBr3 and a good solvent for DMF and DMSO [68]. 

Compared with the ITC method, AVC can efficiently avoid the phase transition 

during the process of crystallization. At low temperatures, crystals can be more easily 

grown into a large size. To obtain crystals with large size and high quality, Zhang et al. 

proposed that three aspects need to be taken into account: the amount of antisolvent 

vapor diffusion, the concentration of Pb2+ and Br− in precursor solution, and the vapor 

pressure in a growth environment. 

(1) The relationship between the mass of resulting CsPbBr3 and MeOH as the antisolvent 

volatilized in the precursor solution was explored, and they found that with the in-

crease of antisolvent diffusion, the precipitated crystals also increased (Figure 3b); 

(2) The variable mole ratios of PbBr2 and CsBr (n:1) were explored in their work, and 

they found one metastable region when the value of n was between 1.3 and 1.5. The 

result shows that in this metastable region, the grown crystals can be changed into 

white PbBr2·2[(CH3)2SO] after vibration; 

(3) The vapor pressure was calculated using Raoult’s law (Figure 3a). Based on the 

crystals grown at the variable value of XMeOH in the solutions from 100% to 50%, they 

finally verified that the value of XMeOH should be set at 50% to grow CsPbBr3 PSCs of 

high quality. From these experiments, it is important to note that these detailed pro-

cess parameters can greatly influence the growth results and the quality of crystals. 

Therefore, adopting proper growth conditions should be considered while growing 

CsPbBr3 PSCs. 

In these solution-grown methods, the structure of target crystals always corresponds 

with the CsPbBr3 PSCs grown by the Bridgman method. Generally, large numbers of 

features of solution-grown crystals, such as their optoelectric properties, defect density, 

and resistivity, are comparable with that of CsPbBr3 PSCs grown by the Bridgman 

method despite there being some differences in detailed parameters. 

IV. Other methods 

Here, we select several novel growth techniques and introduce them. Tang et al. 

reported an in-situ growth method to grow CsPbBr3 PSCs onto cubic zinc oxide (c-ZnO), 

thus producing perovskite single-crystal arrays (PeSCAs). This invention can be used as 

an inorganic electron transport layer in optoelectronic devices. They observed that the 
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(100) plane of cubic CsPbBr3 and the (100) plane of c-ZnO can match properly in the lat-

tice distance, enabling the growth of PeSCAs via the spin-coating method (shown in 

Figure 3c) [69]. 

It is worth mentioning that the epitaxial growth of PSCs on c-ZnO is better than on a 

substrate without c-ZnO. XRD patterns show the appearance of impurities (Cs4PbBr6) 

when the epitaxial growth is carried out without c-ZnO. Obtained single crystals with 

epitaxial growth demonstrated high purity and quality, leading to a faster diffusion rate 

than nanocrystals, which also showed the superior stability of the optical properties and 

structure. 

Wang et al. reported a CVD method to create CsPbX3 SCs including CsPbBr3, CsPbI3, 

and CsPbCl3 [70]. Compared with the in situ grown methods, the CVD method needs 

vacuum conditions, thus greatly avoiding unintended impurity introduction. Therefore, 

crystals grown by the CVD method generally exhibit a smooth surface and are free of 

apparent grain boundaries (shown in Figure 3d). Under a broad field UV excitation, the 

CsPbCl3, CsPbBr3, and CsPbI3 platelets clearly showed uniform blue, green, and red 

emissions inside the platelets, as shown in Figure 3e, suggesting highly uniform optical 

properties throughout the entire platelet. 

 

Figure 3. (a) The calculation result of vapor pressure using Raoult’s law Adapted with permission 

from Ref. [54]. 2017, American Chemical Society; (b) relationship between the obtained mass of 

CsPbBr3 and the amount of MeOH in solution. Adapted with permission from Ref. [54]. 2017, 

American Chemical Society; (c) schematic of the preparation of PeSCAs, with the inset showing the 

substrates used in the experiments Adapted with permission from Ref. [69]. 2020, John Wiley and 

Sons; (d) SEM images of CVD-synthesized CsPbX3 PSCs Adapted with permission from Ref. [70]. 
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2016, Springer Nature.; (e) emissions of CsPbX3 PSCs under UV excitation Adapted with permis-

sion from Ref. [70]. 2016, Springer Nature. 

To enhance the stability of CsPbX3 PSCs, Zheng et al. proposed a CsPbI3@SiO2 

nanocomposite system, namely confining the CsPbI3 into SiO2 [51]. This measure aimed 

to improve the stability of photoluminescence performance. Testing results indicated that 

CsPbI3@SiO2 could retain 95% of its initial PL intensity, while the bulk CsPbI3 type only 

retains 30%. From this perspective, the stability of PSCs can be enhanced by modifying 

the whole material system other than some traditional detailed growth conditions. 

3.2. TlPbI3 

TlPbI3 features high stability in air and excellent optoelectric properties, like CsP-

bBr3. It has been explored since the 2000s [71,72] and has demonstrated good potential in 

the field of detectors. Due to its low melting temperature, thermally activated defects 

could be effectively reduced during the process of growth. Considering this merit, re-

searchers always adopt the Bridgman method to grow TlPbI3 PSCs. 

M. Kocsis first synthesized TlPbI3 using the heating method and firstly applied it to 

X-ray detectors [72]. However, the resulting crystal from the heating method is a poly-

crystal instead of a single crystal. To overcome the boundaries in the pristine growth 

samples, Khyzhun et al. adopted the Bridgman method to grow high-quality single 

crystals with TlI and PbI2 as raw materials. After direct melting and growth in the 

Bridgman device, a high-quality crystal was obtained [73]. 

Recently, Hany et al. managed to grow TlPbI3 PSCs with the optimized Bridgman 

method and fabricated gamma-ray detectors with them. They systematically studied the 

properties and structure of TlPbI3 [74]. Via a temperature-dependent IV measurement, 

they also calculated a high resistivity of about 2 × 1011 Ω cm at room temperature, which 

was beneficial to minimize noise and increase resolution. Despite TlPbI3 PSCs featuring 

many advantages including high resistivity, large bandgap, long charge carrier drift 

length, and excellent stability , compared with the μτ product of other all-inorganic PSCs, 

charge carrier transport properties of TlPbI3 still need to be further improved to satisfy 

the basic criteria of detectors. 

3.3. CsSnI3 

Chung et al. first studied the overall properties of CsSnI3 including conductivity, 

carrier concentration, hole mobility, and so on by using experimental methods and the-

oretical calculations [75]. In their work, they used the Bridgman method to obtain 

high-quality CsSnI3 SCs. P-type metallic behavior of CsSnI3 was verified, and they found 

that this kind of new material has the highest hole mobility among the p-type semicon-

ductors. Due to the remarkable intrinsic properties, they further applied doped CsSnI3 to 

solar cells and created all-solid-state dye-sensitized solar cells with remarkable perfor-

mance, whose PCE reached 10.2% [76]. Though solar cells were fabricated by using the 

CsSnI3-containing solution, CsSnI3 SCs with remarkable intrinsic optoelectric properties 

should be studied in more devices. 

Wu et al. adopted the calculation method to investigate CsSnI3 and predicted the 

23% PCE for optimized CsSnI3 PSCs solar cells. They also studied the difference between 

SCs and polycrystalline, verifying that PSCs have better properties than polycrystals [77]. 

Despite CsSnI3 PSCs having remarkable properties [78] and the notion that they could be 

promising candidates to replace toxic CsPbBr3, current research on CsSnI3 mainly focuses 

on solar cells fabricated by the solution-grown method [77,79]. Therefore, CsSnI3 PSCs 

solar cells still need to be explored and studied further. Other emerging ABX3 type 

all-inorganic perovskites such as TlHgBr3 [80,81] and CsGeX3 [82,83] are not discussed 

here because of their limitations regarding toxicity or growth methods. 
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4. All-Inorganic PSCs with Low Dimensions 

The general formula of perovskites can be described as AnBX2+n; when n = 1, this kind 

of ABX3 type perovskite, as mentioned above, is referred to as a 3D perovskite, and when 

n = 4, the A4BX6 type perovskite would be referred to as a 0D perovskite because under 

this circumstance the BX64− octahedral in perovskite forms isolated dots. When the di-

mensions of crystals reduce, the photoluminescence quantum yield (PLQY) increases 

[84–87], based on which researchers try to study the 0D materials to achieve quantum 

confinement and high PLQY. Other materials with low dimensions such as A3B2X9 type 

PSCs could also exhibit unique advantages [85]. Therefore, in this section, we introduce 

some PSCs with low dimensions, especially A3B2X9 and A4BX6 type PSCs. 

4.1. A3B2X9 Type PSC: Cs3Bi2X9 (X = Br or I), Rb3Bi2I9 and (NH4)3X2I9 (X = Sb or Bi) 

Due to the high toxicity in traditional CsPbBr3 PSCs, researchers have come up with 

large numbers of methods to replace the lead element in CsPbBr3. The most popular way 

now is to replace Pb with some non-toxic elements such as Sn, Ge, and Bi. Among them, 

Bi-based perovskite is regarded as a promising candidate to solve this problem because it 

not only has numerous similarities compared with Pb-based PSCs but also is environ-

mentally friendly. 

Sun et al. adopted a modified vertical Bridgman method to grow 0D Cs3Bi2I9 SCs of 

high quality [88]. The optical image is shown in Figure 4c. After analyzing the optical and 

electrical anisotropic properties of this kind of 0D Cs3Bi2I9, they reported the first obser-

vation of resolved energy peaks using alpha particles with an excellent spectral resolu-

tion of 32%. Also with the Bridgman method, Li et al., synthesized larger Cs3Bi2Br9 PSCs 

and first applied them to X-ray detectors, which demonstrated the great potential in the 

field of X-ray detectors [89]. 

Recently, Zhang et al. proposed a novel solution-grown method that could effec-

tively control the crystal nuclei in the solution, further improving the efficiency of sin-

gle-crystal growth [90]. Based on the classical nucleation theory, when there are crystal 

sites with a radius (r) larger than the critical nucleation radius r0 (r > r0), they will grow 

spontaneously into bigger crystallites or precipitates, which could greatly hinder the 

growth of single crystals. However, once the extra nuclei are removed by refining the 

solution, single crystals will easily be grown. According to this, Cs3Bi2Br9 PSCs with large 

sizes were synthesized (shown in Figure 4b). The diagram of the process is shown in 

Figure 4d. 
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Figure 4. (a) Photograph of a grown embedded crystal and the Cs4PbBr6 solubility curve. Adapted 

with permission from Ref. [91]. 2018, John Wiley and Sons; (b) optical image of Cs3Bi2I9 PSC grown 

by a nuclei-control method. Adapted with permission from Ref. [90]. 2020, Springer Nature; (c) 

photographs of Cs3Bi2I9 PSCs grown by the Bridgman method Adapted with permission from Ref. 

[88]. 2018, Royal Society of Chemistry; (d) diagram of nuclei-control growth process. Adapted with 

permission from Ref. [90]. 2020, Springer Nature; (e) with the increase of HBr content in DMF so-

lution, the solubility of CsBr also increased Adapted with permission from Ref. [91]. 2018, John 

Wiley and Sons; (f) diagram of SCM crystal growth set up Adapted with permission from Ref. [91]. 

2018, John Wiley and Sons.  

Xia et al. systematically studied the structural descriptor for A3B2X9 PSCs and syn-

thesized 2D Rb3Bi2I9 using the controlled cooling solution-grown method [92]. The 2D 

Rb3Bi2I9 was verified to have high X-ray attenuation coefficients, and the assembled X-ray 

detector reached a record low detection limit among all perovskite X-ray detectors, also 

exhibiting better stability than a detector made from traditional CsPbBr3 PSCs. 

While the toxicity caused by the lead element in perovskite should be taken seri-

ously, the toxicity of some typical solvents such as DMF and DMSO should also be 

carefully considered. These two solvents could easily be absorbed by the human body. 

Considering this, Zuo et al. proposed the (NH4)3Sb2IxBr9-x PSCs family, which could be 

grown without DMF or DMSO as a solvent [93]. They adopted ethanol as the solvent to 

dissolve the raw materials NH4I and SbI3. By using the AVC method, they finally grew 

(NH4)3Sb2I9 PSCs with a hole mobility of 4.8 cm2 V−1 s−1 and electron mobility of 12.3 cm2 

V−1 s−1. Zhuang et al., designed (NH4)3Bi2I9 PSC X-ray detectors with an extremely low 

detection limit [94]. They also validated that (NH4)3Bi2I9 PSCs would be easily scaled up 
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within the AVC method, the hole and electron μτ products of which are comparable with 

μτ products of hybrid type MAPbBr3 PSCs. In the growth process of (NH4)3Bi2I9 PSCs, 

DMF is replaced with hydroiodic acid as a solvent. High quality, reduced toxicity in the 

process, and low cost are their features, which would enable (NH4)3X2I9 PSCs (X = Sb or 

Bi) to have a great potential in other application fields. 

In short, because of the excellent properties of A3B2X9 type low-dimensional PSCs, 

especially their non-toxic characteristics, they are attracting more and more researchers 

and have been regarded as promising candidates to produce environmentally friendly 

devices with high performance. 

4.2. A4BX6 Type PSC: Cs4PbBr6 and Cs4EuX6(X = Br, I) 

As mentioned above, the growth of CsPbBr3 PSCs in solution cannot be easily con-

trolled due to the appearance of side products such as Cs4PbBr6. Saidaminov et al. stud-

ied this phenomenon and used the different solubilities between them when synthesizing 

0D Cs4PbBr6 crystals that demonstrated high PLQY and remarkable optical properties 

[85]. Cha et al. adopted the AVC method to grow 0D Cs4PbBr6 and 3D CsPbBr3 crystals 

under different growth environments [84] and, after comparison, they proved the 0D 

Cs4PbBr6 had a large exciting binding energy which could lead to poor performance in 

photodetectors. 

The above-mentioned 0D Cs4PbBr6 crystals are small in size because these solu-

tion-grown methods are mainly suitable for the growth of 3D CsPbBr3 instead of 0D 

Cs4PbBr6. Chen et al. proposed the slow cooling method (SCM) to control the process of 

crystal growth and, using this method [91], centimeter-sized 0D Cs4PbBr6 PSCs with 

embedded 3D nano CsPbBr3 crystals were successfully grown. 

SCM is a simple and versatile technique for solution crystal growth via controlling 

solubility. In this method, the precursor solution should be saturated in advance; then the 

crystal seed can be put into the cooling solution, and the crystal seed would grow up-

ward in the solution. The setup for crystal growth is shown in Figure 4f. To obtain 0D 

Cs4PbBr6 PSCs from the solution, they introduced HBr as an additive to increase the 

solubility of CsBr. Meanwhile, they found that HBr is beneficial to decreasing the PbBr2 

DMF intermediates, thus boosting the crystallization process. With the SCM method and 

HBr additive, centimeter-sized single crystals of high quality were grown. They finally 

fabricated high efficiency (151 lm W−1) and 90.6% color gamut prototype WLED devices 

using 0D Cs4PbBr6 PSCs. 

Wu et al. first reported 0D-halide-perovskite-based scintillators that demonstrated a 

high gamma-ray detection efficiency using Cs4EuX6 (X = Br, I) PSCs grown by the vertical 

Bridgman method [95]. This kind of special 0D structure with strongly localized excitons 

is beneficial to achieving high scintillation efficiency. the scintillation yield significantly 

increases with the reduction of the perovskite dimension (shown in Figure 5d), which 

suggests that the 0D structure with strongly localized excitons is beneficial for achieving 

high scintillation efficiency. The dominant factor non-proportionality (nPR) in deter-

mining the energy resolution of these two crystals is shown in Figure 5c. The ideal nPR 

response will be the same number of photons emitted per energy unit for any given 

gamma-ray energy. It is noticeable that, compared with NaI:Tl, Cs4EuX6 has less devia-

tion, with decreasing gamma-ray energy demonstrating better proportionality. 

These reports show that these kinds of all-inorganic 0D A4BX6 type perovskites have 

high radiation detection efficiency and high PLQY, providing one way to fabricate de-

tectors and luminescent devices with high performance. 

4.3. Copper Type Low-Dimensional PSC: Cs3Cu2I5 

As mentioned above, perovskite with a 0D structure has the potential to achieve 

high scintillation efficiency. Since its excellent properties are reported, other kinds of new 

0D PSCs have been explored and studied. Recently, Lin et al. synthesized Cs3Cu2I5 PSCs 
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with an ultrahigh photoluminescence quantum yield (PLQY~100%) using the AVC 

method [96]. 

They observed dual self-trapped exciton (STE) emissions in Cs3Cu2I5, which showed 

a strong electron–phonon coupling. Results of temperature-dependent PL spectra and 

Raman spectra demonstrate the thermal-assisted radiative recombination of dark STEs, 

which could provide special insight into the application of high-quantum-efficiency 

light-emitting devices. 

Cheng et al. adopted the Bridgman method to grow Cs3Cu2I5 bulk single crystals. 

Crystals grown in this way were more transparent and purer [97]. They confirmed that 

the Cs3Cu2I5 crystal not only demonstrates a high scintillation yield and an extremely low 

afterglow under X-ray radiation but also possesses a high light yield under γ-ray radia-

tion. 

These excellent properties (high PLQY, high scintillation yield, low afterglow, and 

remarkable energy resolution) enable Cs3Cu2I5 SCs to become promising alternatives in 

the field of radiation detection. 

4.4. Heterometallic Type Low Dimensional PSC: Cs4MnBi2Cl12 

Cs4MnBi2Cl12 features a triple-layered two-dimensional structure (shown in Figure 

5a). Wei et al. [98] managed to synthesize Cs4MnBi2Cl12 PSCs with a solution-grown 

method. Like other all-inorganic PSCs, Cs4MnBi2Cl12 PSCs have strong soft X-ray attenu-

ation and bright radiative luminescence under X-ray irradiation. 
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Figure 5. (a) The triple-layered two-dimensional structure diagram of Cs4MnBi2Cl12. Adapted with 

permission from Ref. [98]. 2020, Elsevier; (b) crystal structure diagram of Cs4EuX6, where the pur-

ple polyhedral represents the tilted and isolated EuX64− octahedral, and green and purple ellipsoids 

represent Cs and X atoms. Adapted with permission from Ref. [95]. 2018, Royal Society of Chem-

istry; (c) dominant factor of Cs4EuI6 and Cs4EuBr6 Adapted with permission from Ref. [95]. 2018, 
Royal Society of Chemistry; (d) relationship between the dimension and scintillation light yield in 

CsnEuI2+n family. Adapted with permission from Ref. [95]. 2018, Royal Society of Chemistry; (e) 

patterned fish-like images and QR code of Cs4MnBi2Cl12 under (left) visible and (right) UV light, 

respectively. Adapted with permission from Ref. [98]. 2020, Elsevier. 

They first studied the PLQY of Mn+ doped CsMnCl3 and found the PLQY was very 

low. Then, doping with another metal, Bi, resulted in Cs4MnBi2Cl12 PSCs exhibiting re-

markable orange emission with a high PLQY of 25.7%. They proposed the reason for the 

increase in PLQY to be the exciton transfer process from the [BiCl6]3− octahedron to 

[MnCl6]4− octahedron. In this process, the transformation increased the exciton density in 
4T1g, thus boosting the PLQY. After blending PSC powder with commercial phosphors, 

they obtained efficient white emission under the excitation of a 365 nm UV chip. Besides, 

by filling Cs4MnBi2Cl12 powders into designed patterned grooves, delicate images such as 

fishes and QR codes (shown in Figure 5e) were presented, suggesting their prospects as 
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high-resolution PL imaging agents. They also tested Cs4MnBi2Cl12 PSCs’ potential in 

X-ray detectors and, with a commercial digital camera, they fabricated an efficient detec-

tion device. The target object was recognized with the help of their invented detection 

devices. 

5. All-Inorganic A2BB′X6 Type PSCs 

Except for exploring new elements to replace toxic Pb ions in CsPbBr3, as men-

tioned above, many researchers have made a great effort to find perovskite with new 

structures to avoid the appearance of the Pb element. For instance, double perovskite 

with a special structure could offer two B site atoms per unit. Some other combination of 

atoms may be more stable than two Pb atoms. Therefore, in this section, we introduce 

some emerging materials with novel double perovskite A2BB′X6 structures. 

5.1. Cs2AgBiBr6 

Inspired by the oxide double perovskites A2BB′O6, Slavney et al. first managed to 

grow Cs2AgBiBr6 PSCs and studied their potential in optoelectric applications [99]. Using 

the ITC method and making some improvements including thermal annealing and sur-

face treatment, they managed to grow high-quality Cs2AgBiBr6 crystals (shown in Figure 

6a). Zhang et al. synthesized Cs2AgBiBr6 PSCs with a large size using precursor solution 

with the addition of 30% CH3COONa [100]. After surface treatment and thermal an-

nealing, Cs2AgBiBr6 PSCs were verified to be effective to improve X-ray detection in de-

tectors. 

Yin et al. developed a controlled cooling method to grow Cs2AgBiBr6 PSCs; com-

pared with other normal ITC methods, this could effectively improve the efficiency of 

single-crystal growth [101]. In the beginning, they systematically studied the relationship 

between nucleation and concentration (shown in Figure 6e); in the light of the above re-

lationship, after carefully setting the growth environment, especially the cooling process, 

they obtained high-quality Cs2AgBiBr6 PSCs and managed to avoid the appearance of 

extra crystal seeds. 

Slavney et al. proved that Cs2AgBiBr6 has a long photoluminescence (PL) lifetime 

and an indirect bandgap of 1.95eV [99] suited for a tandem solar cell. They also carried 

out experiments to verify that the stability of solution-grown Cs2AgBiBr6 PSCs was 

higher than that of hybrid organic-inorganic type PSCs. XRD patterns in Figure 6b sug-

gest that Cs2AgBiBr6 PSCs would maintain their pristine structure after long-term expo-

sure to the environment. By contrast, XRD patterns of hybrid type would change slightly 

after treatment. Their remarkable stability, without doubt, makes them more promising 

in applications. 

5.2. Cs2InAgCl6 

As mentioned above, the band structure of Cs2AgBiBr6 is indirect, which could lead 

to a limitation on optoelectric applications. To explore more double perovskite-type 

candidates in the photovoltaic field, Volonakis et al. calculated the properties of 

Cs2InAgCl6 and fabricated Cs2InAgCl6 PSCs with a solution-grown method, whose crys-

tal structure is shown in Figure 6c [102]. Cs2InAgCl6 PSCs with a direct band-structure, 

without doubt, are more fit for optoelectronic devices. Besides, they confirmed the good 

stability of Cs2InAgCl6 PSCs, and it is possible to form Cs2InAg(Cl1−xBrx)6 for x < 1. A 

tunable band-gap was also achieved by adopting the composition of doped materials. 

Luo et al. successfully fabricated stable UV photodetectors with Cs2InAgCl6 PSCs 

[103]. Cs2InAgCl6 PSCs of high quality with an ultra-low trap-state density ((8.6 ± 1.9) × 

108 cm−3) were synthesized by taking a one-pot hydrothermal method. Oxygen was found 

effective for controlling Cs2InAgCl6 PSCs’ surface composition, thus influencing their 

optical properties. They also verified that after UV-O3 treatment, the photoconductivity 

and on–off ratio of detectors can be improved a great deal. As shown in Figure 6d, it is 
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noticeable that detectors with treated Cs2InAgCl6 PSCs demonstrated better photocon-

ductivity. Finally, fabricated devices were proved to effectively harvest UV signals, 

whose detectivity and on–off ratios reached 1012 Jones and 500, respectively. 

Other novel all-inorganic double PSCs, such as Cs2TlBiI6 [104], Cs2AgxNa1-xFeCl6 

[105], and so on, are also experimentally explored or calculated by various methods; 

nevertheless, here, we mainly introduce the synthesized PSCs with a specific application, 

so we do not introduce these materials in detail. In terms of lead-free characteristics and 

optoelectrical properties, these A2BB′X6 type double PSCs could be promising candidates 

to be further applied, and there is no doubt that they should be explored further. 

 

Figure 6. (a) The optical image of Cs2AgBiBr6 PSC. Adapted with permission from Ref. [99]. 2016, 

American Chemical Society; (b) XRD patterns of Cs2AgBiBr6 after long-term exposure to environ-

ment. Adapted with permission from Ref. [99]. 2016, American Chemical Society; (c) structure di-

agram of Cs2InAgCl6. Adapted with permission from Ref. [103]. 2018, American Chemical Society; 
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(d) photoconductivity test of Cs2InAgCl6 PSC under different conditions. Adapted with permission 

from Ref. [103]. 2018, American Chemical Society; (e) solubility and saturation curves of 

Cs2AgBiBr6 crystal at different temperatures. Adapted with permission from Ref. [101]. 2019, John 

Wiley and Sons. 

6. Mixed Type All-Inorganic PSCs 

To further improve the properties and quality of all-inorganic PSCs, more and more 

researchers have been devoted to doping other kinds of elements in these PSCs. Mixed 

type PSCs are not only able to reduce the amount of Pb element in materials but also to 

boost their properties [106,107]. In the field of ABX3 type perovskite, the stability of their 

structure can be represented by the tolerance factor (τ), which can be calculated via the 

following Equation (1): 

𝜏 =
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
 (1) 

where rA, rB, and rX represent the ion radii of A, B, and X, respectively. Generally, when 

the τ of the PSC structure is in the range of 0.77 to 1.10, the PSC structure is considered as 

structurally stable. In theory, doping an external element would change the τ of the 

structure, thus affecting the stability. Many experimental studies on doped materials 

verified that, with the extra composition introduction, the pristine structure stability and 

optical properties are indeed enhanced. Given their special merits, these mixed-type 

all-inorganic PSCs enriched varieties of traditional ABX3 type materials. Here, for the 

sake of comprehensiveness, we introduce research works that include all three sites (A, B, 

X site) of ion mixed type materials. 

6.1. CsPbIxBr3−x (0 < x < 3) 

Yang et al. adopted the ITC method to prepare iodine-mixed CsPbBrxI3-x PSCs by 

adjusting the amount of PbBr2 and PbI2 [108]. They found that, with the increase of iodine 

content, impurities brought by the growth environment can be reduced and the thermal 

stability of PSCs can be enhanced, which indicated that mixing some other elements into 

the material is also a good choice to broaden the research ideas and improve the devices’ 

performance. 

Zhao et al. explored the CsPbIxBr3−x crystal anisotropy effect of materials on optical 

and electrical properties [109] with the first-principle calculation and drift-diffusion 

model to find a class of proper mixed CsPbIxBr3−x material and a suitable crystal orienta-

tion to achieve a high PCE in the solar cell. After calculating the effect mass, deformation 

potential, and elastic moduli in different orientations, they found that the obvious ani-

sotropy effect in the crystal led both the electron and hole mobility along [001] to be far 

higher than those along [100]. Based on this phenomenon, they adopted different device 

structures and drift-diffusion models to predict the PCE of devices. After utilizing CsP-

bIBr2/silicon and CsPbI2Br/silicon tandem structures along the [001] orientation, much 

higher PCEs were achieved up to 26.32% and 31.39%, respectively. To date, solar cells 

fabricated by thin-film CsPbIxBr3−x reached 20.1% PCE [110], which means that CsPbIBr2 

solar cells should be explored further. Jia et al. discussed the influence factor of CsP-

bIxBr3−x solar cells in detail [111]. To obtain better CsPbIxBr3−x solar cells, numerous im-

provements still need to be proposed regarding defect passivation, crystallization, and so 

on. There is still a long way to go to achieve a better CsPbIxBr3−x PSC application. 

Meanwhile, the authors emphasized that the excellent thermal stability of these PCEs 

would make them competitive candidates in solar cells. 

Although Zhao et al. only carried out theoretical calculations, the study of anisot-

ropy is meaningful in the scope of single crystals, and their related calculation results are 

helpful to further applications, especially for solar cells. These above-mentioned research 

works demonstrate that when applying PSCs to optoelectronic devices, orientation and 

doped elements could also be important factors that need to be carefully considered. 
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6.2. CsPb1-xBixBr3 (0 < x < 1) 

To reduce the amount of toxic Pb ions in traditional CsPbBr3 SCs, Miao et al. chose 

the Bi element to develop Bi-doped CsPb1-xBixBr3 PSCs [112]. They found that with an 

increase of the Bi component, absorption was slightly improved and the absorption 

spectra of Bi-doped PSCs could cover entirely the visible spectrum. Besides, it is note-

worthy that although the introduction of trivalent Bi element slightly increases the defect 

density of the crystal, the carrier concentration of the crystal will increase a great deal; 

combined with the ideal absorption spectra, CsPb1-xBixBr3 PSCs are suitable for further 

optoelectric applications. As shown in Figure 7b, the dielectric constant test result also 

suggests their better ion mobility.  

Doping external element generally needs growth optimization to obtain correct 

crystals. For Bi-doped CsPb1-xBixBr3 PSCs, they adopted a modified AVC method to grow 

PSCs (shown in Figure 7e). They first used the controlled cooling method to foster prime 

crystal seeds; after filtration, these crystal seeds with the saturated solution were then put 

into the AVC growth setup to allow the crystal seeds to grow. Benefiting from the solu-

tion-grown method, they could easily adapt the molar ratio of raw materials PbBr2 and 

BiBr3 in precursor solution, thus controlling the compositions of ultimate crystals. 

They also verified the photostrictive effect of CsPb1-xBixBr3 PSCs, which could ex-

pand the scope of CsPb1-xBixBr3 applications, such as in microactuators and microsensing. 

 

Figure 7. (a) With the doping of atoms, the size and structure of crystal cells change. Adapted with 

permission from Ref. [113]. 2019, American Chemical Society; (b) capacitance test results of CsP-
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bBr3 and CsPbxBi1−xBr3 single crystals at different frequencies. Adapted with permission from Ref. 

[112]. 2017, Royal Society of Chemistry; total absorption spectra (c) and PL spectra (d) of 

Cs1−xRbxSnBr3 samples with 0 ≤ x ≤ 0.3. Adapted with permission from Ref. [113]. 2019, American 

Chemical Society; (e) schematic diagram of the modified AVC method. Adapted with permission 

from Ref. [112]. 2017, Royal Society of Chemistry. 

6.3. Cs1−xRbxSnBr3 (0 < x < 1) 

Currently, to enhance the stabilization of PSCs and their relative devices, the strat-

egy of doping multiple cations in the A site has proven to be feasible. Inspired by this 

thought, Bernasconi et al. systematically studied the Cs1−xRbxSnBr3 PSCs system to find if 

there is a way to solve the instability of pure CsSnBr3 roused by the oxidation of Sn2+ to 

Sn4+ in the air. They successfully synthesized Cs1−xRbxSnBr3 PSCs with the 

high-temperature melt growth method [113]. In this work, the influence brought by the 

doped Rb element on the crystals’ stability, properties, and structure was emphasized. 

They found that, after doping Rb ions into PSCs, the tolerance factor of crystals was 

increased, leading to higher stability. At the same time, the cell volume of Cs1−xRbxSnBr3 

PSC decrease with the Rb content doping (Figure 7a). The absorption spectra and pho-

toluminescence (PL) spectra also slightly shifted when changing the composition (shown 

in Figure 7c,d, respectively). Furthermore, it is noteworthy that an increase in charge 

carrier lifetime is induced by the Rb inclusion. With higher stability and better properties, 

these positive results verified that Cs1−xRbxSnBr3 SCs have great potential in the field of 

optoelectronic devices, which also indeed indicated the feasibility of doping external 

elements. 

With the doping method, many excellent devices and materials were invented; for 

example, Chung et al. doped SnF2 into CsSnI3 to fabricate devices with a high PCE, and 

Bernasconi et al. doped the Rb element into CsSnBr3 to obtain more stable and excellent 

crystals. Some researchers have also developed Ge-doped, Mn-doped, and Ag mixed 

perovskites aiming to remove some limitations on traditional PSCs. These mixed-type 

materials greatly enrich the family of all-inorganic PSCs and also provide more research 

areas to scientists. Combined with the convenience brought by the solution-grown 

method, mixed type all-inorganic PSCs still have great potential and should be explored 

further. 

7. Applications and Properties 

The high average atomic numbers, long carrier lifetimes, high mobility, and ul-

tra-high stability of all-inorganic PSCs mean that their applications cover many catego-

ries. Benefiting from remarkable properties, all-inorganic PSCs have received broad at-

tention for applications in optoelectronic devices. In the above part of the article, we fo-

cus on the growth methods of different kinds of all-inorganic PSCs and the correspond-

ing application direction. Detailed parameters of devices and their properties are not 

mentioned. 

In this section, we introduce the applications and properties of all-inorganic PSCs in 

three main fields: gamma-ray detectors, X-ray detectors, and photon detectors. In addi-

tion, some devices made up of polycrystalline thin films and hybrid organic–inorganic 

perovskites are also listed to shed more light on the difference between all-inorganic 

PSCs and other perovskite structures. 

7.1. Carrier Mobility and Lifetime 

To systematically introduce the detector applications and their properties, in this 

part, we firstly introduce the two important carrier properties of semiconductors, mobil-

ity and lifetime, with their measurement methods. For one semiconductor detector, the 

type of transport carrier can be determined by selecting the electrode. The LUMO and 

HOMO level of the semiconductor and the work function of the electrode are key pa-

rameters affecting the carrier transport. These energy level differences would lead to 
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different energy barriers for electrons and holes. Therefore, by utilizing the different en-

ergy barriers for electrons and holes, hole-only and electron-only devices can be fabri-

cated, respectively. For instance, if the work function of the electrode is near the LUMO 

level of the semiconductor, electrons would be difficult to transfer to the HOMO level, 

thus resulting in a high energy barrier for electrons, based on which the hole-only device 

can be determined; vice versa, the electron-only device can also be determined in the 

same way. After determining the type of transmission carrier, further carrier property 

measurement can be carried out. 

For typical semiconductor detectors, space charge limited current (SCLC) technol-

ogy could measure the trap density and the carrier mobility of semiconductors. This 

kind of I–V measurement is of importance to understanding the internal mechanism. 

Generally, with the increase of bias voltage, the device would first demonstrate the 

Ohmic properties, and the current is proportional to the voltage. In the next region, the 

current would sharply be increased at the VTFL point, which is the trap-filling process, 

and in the last region, the relation between the current and the voltage would be in line 

with the following Equation (2) (known as Mott–Gurney’s law): 

 
(2) 

In which J and V are current density and voltage, respectively; L is the sample 

thickness; ε and ε0 are relative permittivity and vacuum permittivity, respectively; and μ 

is the mobility. Therefore, with this equation, mobility can be calculated in I–V meas-

urement. The trap density can also be indicated by the VTFL point. It can be calculated 

with Equation (3): 

 (3) 

Figure 8i is the measurement results of the I–V test with the corresponding sche-

matic diagram of three different stages [114]. Except for the SCLC method, other charac-

terization methods such as time of flight (TOF) and Hall effect measurement are also able 

to demonstrate the carrier mobility; to date, numbers of measurement methods have 

been widely used. However, there are still some errors in the data from different research 

groups. A more accurate method still needs to be invented. 

Carrier lifetime is also one important property of materials indicating the carrier 

transport ability. Thus, here, we introduce a representative measurement of it: the 

time-resolution photoluminescence spectrum (TRPM). When nonequilibrium carriers are 

generated in semiconductors, they will be affected by impurities and defects, and then 

hole carrier recombination will occur. When photogenerated carriers are generated in the 

material, Equation (4), as follows, is used: 

 (4) 

where N(t) represents the number of photogenerated carriers at time t, and τ is the car-

rier lifetime. TRPM technology utilizes this principle to detect the photoluminescence 

intensity decay phenomenon, thus indirectly calculating the carrier lifetime. The intensity 

decay pattern would be fitted by the following Equation (5) [115]: 

 (5) 

where I(t) is the decay intensity; A1 and A2 are the decay amplitude; and τ1 and τ2 are 

taken from the recombination of surface traps and body defects, respectively. After the 

pattern is fitted, the final carrier lifetime can be calculated from Equation (6): 
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3
2

0

8

9

JL
V

 
=

0

2

2 TFL
trap

V
n

L e


=

( ) (0)
t

N t N e 
−

=

1 2

1 2( )

t t

I t Ae A e
 

− −

= +

2 2

1 1 2 2

1 1 2 2

+
=

+

A A

A A

 


 



Crystals 2022, 12, 792 20 of 36 
 

 

Apart from the above-mentioned two properties that can indicate the carrier 

transport capability, other parameters such as diffusion length and effective mass are 

also important for materials and detectors. However, given that the mobility and the 

carrier lifetime are used most widely and with these two properties, other properties 

such as diffusion length can also be easily obtained, we do not introduce other proper-

ties for semiconductors here. 

7.2. X-ray Detectors 

The X-ray wavelength ranges from 0.001 nm to 10 nm, featuring high frequency, 

large energy, and excellent penetration ability. X-ray detection is of great importance to 

medical imaging, the nondestructive inspection of luggage nuclear power stations, and 

scientific research [116–118]. Traditional materials used in X-ray detectors represented by 

CdZnTe and CdTe could meet the basic needs of X-ray detection in most cases [119,120]. 

Three key parameters—the atomic number, μτ product, and resistivity of materials—that 

greatly affect the performance of X-ray detectors should be carefully considered [90]. 

Compared with the emerging perovskite materials, the μτ product of traditional materi-

als is lower [66], and the resolution and performance of devices made of CZT still need to 

be further improved. For example, devices with a low detection limit allow the human 

body to receive less X-ray radiation in medical imaging, which is crucial to improving the 

safety of medical treatment. Given the great importance of X-ray detection, better detec-

tion materials need to be explored further. 

X-ray detectors can be categorized into two types: (1) scintillator type and (2) semi-

conductor type [121]. Nevertheless, the former type of detector features a lower energy 

resolution and a more complex system configuration. This is because scintillator-type 

detectors need an extra component: a photomultiplier tube. When the scintillator type 

detector is irradiated by an X-ray, its scintillator would firstly accumulate X-ray energy. 

Then, the electron would be activated and escape from the scintillator. These electrons 

would next get into the photomultiplier tube to generate much more electrons, thus 

boosting the signal in the detection system, which requires many components to work 

together and obviously leads to a complicated system. 

By contrast, semiconductor type detectors with a simple structure can directly con-

vert an X-ray to a current signal, as shown in Figure 8b, g, which makes them more 

suitable for the following high-resolution digital analysis. Here, we list some detailed 

properties and mainly introduce some detectors based on semiconductors (shown in Ta-

ble 1) to systematically analyze the all-inorganic PSCs. To understand the X-ray detectors 

overall, we first introduce some of their basic characteristics here. 

First of all, sensitivity plays an important role in the characterization of device per-

formance, which shows , how much signal was produced when the detector was irradi-

ated by an X-ray—namely, the current generated. This value (S) can be described with 

Equation (7): 

 
(7) 

where A is the area of detectors exposed to the X-ray; D is the dose rate of the X-ray; I 

and Idark are the measurement current under an X-ray and in the dark, respectively. This 

is a general indicator for detectors that is also suitable for X-ray detection. 

Another important characterization of X-ray detectors is the low detection limit. As 

mentioned above, the lower the detection limit, the fewer X-rays would need to be used 

= darkI I
S

A D

−
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in daily life. The low detection limit calculation method can be traced back to Currie’s 

work in 1968 [122]. Currently, according to the rule defined by the IUPAC (International 

Union of Pure and Applied Chemistry), the detection limit is set to the corresponding 

X-ray dose when the response signal becomes three times the noise signal (diagram 

shown in Figure 8j) [123]. Note that this definition factually may not be suitable for every 

situation, Pan et al. proposed an updated statistical method to expand and improve upon 

the previous formula, which has better accuracy. 

In Table 1, we list the properties of crystals and their corresponding growth meth-

ods. Key parameters of X-ray detectors, low detection limit and sensitivity, and the 

structure of the detector are also listed. From this table, we could notice that detectors 

made of hybrid PSCs demonstrate ultrahigh sensitivity whether in thin films or PSCs; 

therefore, in terms of sensitivity and their instability, hybrid PSCs are suited for 

short-time applications that require very high sensitivity, such as in outer space or on the 

moon. For all-inorganic materials, their high stability and low detection limit make them 

suited for large-scale medical testing. Given that some of them are non-toxic, they are 

more suitable for wide application in medical devices, which could relieve environmen-

tal pressure. 

Improvements in crystal growth greatly affect the performance of devices. Zhang et 

al. confirmed that by adopting the solution-control method, Cs3Bi2I9 PSCs with better 

quality and a larger size could be achieved. They subsequently fabricated devices with 

the structure shown in Figure 8b, whose actual detection experiments and absorption 

coefficients comparison are shown in Figure 8a,c, respectively. Additionally, Pan et al. 

adopted thermal annealing and surface treatment to obtain Cs2AgBiBr6 PSCs of better 

quality, whose attenuation efficiency is shown in Figure 8f. As shown in Figure 8d,e, the 

dark current and responsivity of devices are greatly optimized due to these crystal 

treatments. Combined with the high attenuation efficiency, Cs2AgBiBr6 PSCs are now at-

tractive materials in the field of X-ray detection. With the modified Bridgman method, Li 

et al. invented Cs3Bi2Br9 X-ray detectors that verified their excellent time-responding ca-

pability. Utilizing the detector structure shown in Figure 8g, Steele et al. also tested 

temperature-dependent X-ray detection performance. They found that with the temper-

ature decrease, more current was generated (as shown in Figure 8h) and the rise time was 

delayed because of their lower carrier mobility, which was helpful to understand their 

long-term detection performance. Note that adopting some properly improved methods 

and treatments is of great importance to fabricated devices. 

Apart from devices based on semiconductors, scintillators could also be used to de-

tect X-rays. Mykhaylyk [124] and Cheng [97] reported the application of an X−ray scin-

tillator with CsPbBr3 PSCs and Cs3Cu2I5 PSCs, respectively. For scintillators, their scin-

tillation is a crucial parameter that could indicate the quality of the device. The scintilla-

tion light yield of CsPbBr3 at 7 K is assessed to be 50,000 ± 10,000 ph/MeV at excitation 

with 12 keV X−rays, and the Cs3Cu2I5 crystal demonstrates a high scintillation yield of 

about 32,000 photons MeV−1, which means that all-inorganic PSCs are promising materi-

als for scintillator-type X-ray detection and should be explored further to enrich the fam-

ily of X-ray detection. 
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Table 1. Detailed information about the applications of X-ray detectors. 

* unit is different from the corresponding table title. 0 

Materials Growth  
μτ Product 

(cm2 V−1) 

Resistivity  

(Ω cm) 
Structure of Detectors 

Electrical Field 

(V mm−1) 

Sensitivity 

(µC Gyair−1 cm−2) 

Low Detection Limit 

(nGyair s−1) 
Reference 

CdTe 
Modified directed 

crystallization 
1.5 × 10−4 108–109 Diode structure *90 V 1.2 - [125] 

α-Se - 10−7 - α-Se/ (α-Si:H) TFT 15000 0.44 - [126] 

Cs2AgBiBr6 PSC ITC method 6.3 × 10−3 1.6 × 1011 Au/CABB /Au 25 105 59.7 under 5 V  [114] 

Cs2AgBiBr6 PSC ITC method - - Ag/CABB/Ag 6 316 91.98 under 1 V [121] 

Cs2AgBiBr6 PSC ITC method 2.48 × 10−3 5.4 × 109 Au/CABB /Au - - - [127] 

CsPbBr3 PSC ITC method - − Ag/CPB/ITO 8 V * 770 - [128] 

CsPbI3 (1D) PSC ITC method 3.63 × 10−3 7.4 × 109 Au/CPI/Au 4.17 2370 - [129] 

Rb3Bi2I9 PSC ITC method 2.51 × 10
−3

 2.3 × 109 Au/RBI/Au 300 159.7 8.32 under 1 V [92] 

Cs3Bi2I9 PSC ITC method 7.97 × 10−4 2.79 × 1010 Au/CBI/Au 50 1652.3 130 under 50 V mm−1 [90] 

Cs3Bi2I9 PSC Bridgman method 6.10 1012 Au/CBI/Au 450 111.9 - [88] 

Cs3Bi2Br9 PSC Bridgman method 3.73 × 10−5 6.8 × 1011 Au/CBB/Au 200 V * 230.4 - [89] 

MAPbBr3 PSC AVC method 4 × 10−3 - Si-integrated device 7 V * 21000 36 under 1 V  [130] 

MAPbBr3 PSC AVC method 1.2 × 10−2 1.7 × 107 Au/MPB/C60/BCP/Au - 80 500 under 0.1 V [16] 

MAPbI3 thin film Spin-coating method 2 × 10−7 - 
Ag/ZnO/PCBM/MPI/PE

DOT:PSS/ITO/Glass 
1300 

2.5 × 104 

µC Gyair
−1 

cm
−3 

*
 

- [131] 

MAPbI3 thin film Spin-coating method 10−4 - 
ITO/PI-MPI/MPC/PI-M

PI/TFT 
240 11000 - [15] 

MAPbI3 wafer 

Nanocrystalline com-

pression method 
2 × 10−4 - ITO/PMMA/MPI/Au 200 2527 - [132] 

(NH4)3Bi2I9 PSC ITC method 1.1 × 10−2 − Ag/NHBI/Ag 6.5 803 55 under 6.5 V mm−1 [94] 



Crystals 2022, 12, 792 24 of 36 
 

 

Figure 8. (a) X-ray image of key and nut obtained from the Cs3Bi2I9 PSC detector. Adapted with 

permission from Ref. [90]. 2020, Springer Nature; (b) schematic of the Cs3Bi2I9 PSC-based X-ray 

detector structure. Adapted with permission from Ref. [90]. 2020, Springer Nature; (c) absorption 

coefficients of Cs3Bi2I9 and other materials. Adapted with permission from Ref. [90]. 2020, Springer 

Nature; (d,e) comparative measurements of resistivity and responsivity of devices made of the 

pristine crystal and treated crystal. Adapted with permission from Ref. [114]. 2017, Springer Na-

ture; (f) relationship between attenuation efficiency and thickness of 50 keV X-ray photons in sev-

eral typical semiconductors. Adapted with permission from Ref. [114]. 2017, Springer Nature; (g) 

photograph of fabricated detectors based on Cs2AgBiBr6 PSC. Adapted with permission from Ref. 

[133]. 2018, John Wiley and Sons; (h) measurement results of photocurrent response of the detector 

to 61.12 μGy S−1 X−ray at different temperatures. Adapted with permission from Ref. [133]. 2018, 

John Wiley and Sons; (i) measurement results of I−V test with the corresponding schematic dia-

gram of different stages. Adapted with permission from Ref. [114]. 2017, Springer Nature; (j) dia-

gram explanation of detection limit. Adapted with permission from Ref. [123]. 2021, Springer Na-

ture. 
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7.3. Gamma-Ray Detectors 

Similar to X-ray detectors, gamma-ray detectors can also be divided into two cate-

gories: devices based on (1) scintillators and (2) semiconductors. Gamma rays feature a 

very large energy and a wavelength even shorter than that of X-rays. Gamma-ray detec-

tion has played an important part in many areas including security imaging, nuclear in-

spection, medical treatment, and some basic scientific research [134,135]. 

An average atomic number, μτ product, and resistivity are also three basic re-

quirements for gamma-ray detection materials. Traditional zinc-alloyed CdTe single 

crystals possess high resistivity and a large μτ product, so they have been widely used in 

many gamma-ray detectors [136]. Nevertheless, the cost-restricted crystal manufacturing 

at a scaled-up level and low hole mobility of traditional CZT crystals have hindered the 

development of CZT gamma-ray detectors. Compared with traditional CZT single crys-

tals, PSCs feature low-cost, high mobility, and are easy to grow; because of this, many 

scientists have come up with many methods to apply this kind of emerging PSCs to 

gamma-ray detectors and have fabricated devices with high performance. Here, we list 

detailed information including the growth, device structure, semiconductor properties, 

and energy resolution under different test sources. This information on all-inorganic 

PSC gamma-ray detectors is shown in Table 2. 

To better understand the application of gamma-ray detectors, we introduce the en-

ergy resolution concept of gamma-ray detectors. Under the irradiation of gamma rays 

with different energy, an energy-resolved gamma-radiation spectrum could be obtained. 

Near the energy peak of the spectra, half of the response peak could be recognized at two 

points. The energy difference between two points would be the full width at half 

maxima (FWHM); then, the energy resolution could be calculated with Equation (8): 

 (8) 

where ER is the energy resolution and Emax is the energy value of the peak point. This 

resolution value could reflect the gamma-ray detection capability and the responsivity of 

the device. 

From Table 2, compared with hybrid organic–inorganic PSCs, all-inorganic PSCs 

demonstrate better performance in gamma-ray detectors with generally higher energy 

resolution. He et al. reported detectors with 1.4% energy resolution made of CsPbBr3 

PSCs grown by the Bridgman method [45]. In addition, the stability of all-inorganic PSCs 

is much better than that of hybrid PSCs, and they are easy to grow on a large scale using 

the Bridgman method. Detectors made of all-inorganic PSCs also demonstrate better 

performance than that of the hybrid type. Therefore, there is no doubt that all-inorganic 

PSCs could be more ideal materials in the field of gamma-ray detectors than hybrid or-

ganic–inorganic perovskites. 

Meanwhile, in general, all-inorganic CsPbBr3 PSCs grown by the Bridgman method 

possess a better μτ product and higher energy resolution than CsPbBr3 grown by the ITC 

method, which also confirms the superiority of the Bridgman method. Therefore, in 

terms of crystal growth, vacuum condition and the lack of extra composition boost the 

crystallization process in the Bridgman method. Hence, the easy scaling-up and crystals 

of high quality grown by the Bridgman method effectively promote the progress of the 

development of detectors. 

Due to their high PLQY characteristics, the low-dimensional PSCs in Table 2 also 

demonstrate significant performance in scintillator-based detectors, which also means 

that low-dimensional PSCs have great potential in the field of gamma-ray detection. 

Since there are few reports on low-dimensional PSC and double perovskite-type PSC 

used in gamma-ray detectors, it is worthwhile to pay more attention to the development 

of environment-friendly and excellent gamma-ray low-dimensional type and double 

type PSC detectors. The multiple choices of the elements in these materials makes this 

goal more possible. 

max

100%
FWHM

ER
E

= 
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Table 2. Detailed information about the applications of gamma-ray detect

Materials Growth 
μτ Product 

(cm2 V−1) 

Resistivity 

(Ω cm) 
Structure of Detectors Test Source Energy Resolution Reference 

CZT Traveling heater method 1.5 × 10−2 - - 
122 keV 57Co 3.0% 

[137] 
662 keV 137Cs 0.91% 

CZT Bridgman method 1.3 × 10−3 2.2 × 1010 - 
88 keV 109Cd 3.7% 

[138] 
59.5 keV 241Am 4.9% 

Cs4EuI6 PSC Bridgman method - - Scintillator 662 keV 137Cs 5.0% [95] 

Cs4EuBr6 PSC Bridgman method - - Scintillator 662 keV 137Cs 4.3% [95] 

CsPbBr3 PSC ITC method 4 × 10−4
 - Ga/CPB/Au 

662 keV 137Cs 5.5% 

[139] 122 keV 57Co 13.1% 

59.5 keV 241Am 28.3% 

CsPbBr3 PSC ITC method 1.34 × 10−3
 - Ga/CPB/Au 662 keV 137Cs 5.5% [67] 

CsPbBr3 PSC ITC method 2 × 10−4 3 × 109 - 59.5 keV 241Am - [66] 

CsPbBr3 PSC Bridgman method 1.34 × 10−3
 - Ga/CPB/Au 

122 keV 57Co 3.8% 
[64] 

662 keV 137Cs 3.9% 

CsPbBr3 PSC Bridgman method 8 × 10−3  
 > 109 EGaIn/CPB/Au 662 keV 137Cs 1.4% [45] 

TlPbI3 PSC Bridgman method 3.43 × 10−5
 2 × 1011 Ag/TPI/Ag - - [74] 

Cs3Cu2I5 PSC Bridgman method - - Scintillator 662 keV 137Cs 3.4% [97] 

Bi-poor Cs2AgBiBr6 PSC ITC method 1.47 × 10−3
 1.56 × 1011 carbon /CABB/carbon 59.5 keV 241Am 13.91% [140] 

MAPbI3 PSC ITC method 8 × 10−4
 - Ga/MPI/Au 

59.5 keV 241Am 12% 
[18] 

122 keV 57Co 6.8% 

FAPbI3 PSC ITC method 10−2
 - - 59.5 keV 241Am 35% [141] 

MAPbBr2.94Cl0.06 PSC ITC method 1.8 × 10−2
 3.6 × 109 Cr/MAPBC/C60/bathocuproine /Cr 662 keV 137Cs 6.5% [142] 

MAPbBr2.85Cl0.15 PSC ITC method - 2.57 × 108 Cr/MPBC/Cr 
662 keV 137Cs 25% 

[143] 
59.5 keV 241Am 35% 
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7.4. Photodetectors 

Photodetectors play an important role in image sensing, location tracking, and basic 

scientific research [2,144]. Owing to the excellent optoelectric properties of PSCs, they 

recently have received much attention in the field of photodetectors, represented by hy-

brid organic–inorganic MAPbBr3 PSCs. Currently, researchers are trying to optimize 

hybrid PSCs to overcome their instability in many ways, such as doping other elements, 

surface passivation, and so on. However, a perfect stabilization method is still lacking. By 

contrast, in photodetectors, all-inorganic PSCs not only have remarkable optoelectric 

properties but also have higher stability and a longer life span. Therefore, in this part, we 

introduce the current research on the application of photodetectors based on 

all-inorganic PSCs. 

To better understand the research on photodetectors, we first introduce some key 

parameters. The following three parameters are widely used to indicate the performance 

of detectors, which could reflect the detection capability and responsivity to light. 

(1) Responsivity: 

 (9) 

The responsivity calculation formula is as above (Equation (9)), where I is the actual 

current generated under the light conditions; Idark refers to the dark current generated 

without light; P in the denominator is the power intensity of the incident light; and S re-

fers to the area irradiated by the light, which is the area of the exposed perovskite crystal 

in this device. Responsivity could reflect the intensity of the generated signal under light, 

which could indicate the detection performance and efficiency of detectors. 

(2) External quantum efficiency (EQE): 

 (10) 

The EQE calculation formula is as above (Equation (10)), where R is the responsiv-

ity shown in Equation (9);  is the wavelength of light; e and c are electron charge and 

the velocity of light, respectively. The EQE value represents the ratio between the 

number of electrons generated by the incident light and the number of photons irradi-

ated on the effective working area of the photodetector in unit time, which could indi-

cate the photon–electron conversion efficiency . 

(3) Detectivity: 

 
(11) 

where ∆f is the electric bandwidth and in represents the background noise current. This 

value could indicate the lowest intensity of light that could be recognized from the noise 

signal. This value also has great reference significance in practical application. To mani-

fest the actual performance in application, apart from these three key parameters that 

should be calculated and considered, an I-t test could also demonstrate the comparison 

between the light-on and light-off situation. The on–off ratio and its time-dependence 

would overall reflect the practical detection performance. Considering this, the on–off 

ratio test is also of significance to the detector test. 

In the above part, we introduce some key values of detectors. Here, we introduce 

the detector performance with the corresponding growth method. Utilizing the Bridg-

man method, Song et al. synthesized ultra-large CsPbBr3 PSCs with excellent carrier 

mobility and fabricated dual-modal photodetectors. The testing results showed that 

CsPbBr3 PSCs have excellent electrical transporting properties, and the fabricated devices 

also demonstrated good detection performance under 532 nm lamination (shown in 

Figure 9a). For solution-grown CsPbBr3 PSCs, Dirin et al. utilized them to fabricate pho-

todetectors, whose spectral responsivity under 10 V-bias shows a very sharp (∼20 nm 
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FWHM, centered at 550 nm) peak demonstrating a responsivity of 6 A/W [66]. The μτ 

product is measured to be 2 × 10−4 cm2 V−1, which is lower than that of Bridgman-grown 

CsPbBr3 SCs because of the inclusions brought from the environment. Although the μτ 

product of solution-grown crystals is generally smaller, they are also able to achieve high 

performance in detectors. Saidaminov et al., using CsPbBr3 PSCs grown by the ITC 

method, successfully fabricated detectors with an ultrahigh 105 on–off ratio, and their low 

dark current was verified (shown in Figure 9i) [43]. 

To reduce the inclusions in crystals and optimize the growth process, many re-

searchers have made a great effort in improving growth conditions and revealing growth 

mechanisms. Zhang et al., using the improved solution-grown method, successfully 

synthesized centimeter-sized crystals and fabricated photodetectors with a strong re-

sponse to optical light (shown in Figure 9b) [54]. Ding et al. revealed that the growth of 

CsPbBr3 PSCs corresponds to a 2D nucleation mechanism (shown in Figure 9f) and re-

ported photodetectors with a responsivity of 0.028 A/W and a response time of <100 ms, 

whose on–off test result is shown in Figure 9h [145]. 

For low-dimensional SCs, Cha et al. systematically analyzed the difference in pho-

toresponse between 0D Cs4PbBr6 and 3D CsPbBr3 (the structure of detectors is shown in 

Figure 9c). They confirmed that the large exciton binding energy of low-dimensional 

materials could lead to poor performance in terms of the photoresponse (the schematic 

illustration of the photocurrent and PL emission is shown in Figure 9g) [84]. By contrast, 

detectors based on the 3D CsPbBr3 PSCs had a good photoresponse (shown in Figure 9d). 

Although there are some limitations on low-dimensional materials, in some cases, they 

could be used to detect light with high energy; for example, Mo et al. adopted 1D 

Cs3Cu2I5 PSCs to fabricate white LEDs, and at the same time, they also successfully ap-

plied them into UV detection. For double PSCs, Luo et al. managed to invent UV detec-

tors using Cs2AgInCl6 PSCs whose detectivity was measured to be 1012 Jones [103], which 

means that lead-free materials could also be applied to photodetectors. The light-to-dark 

current–voltage (I−V) test result of UV photodetectors is shown in Figure 9e. 

Except for the above-mentioned detectors, all-inorganic PSCs also have been applied 

in other fields like LED [85,146], ReRAM [147], and perovskite arrays [148], given only a 

few reports on these applications, here we will not introduce them in detail. Besides, the 

solar cells based on all-inorganic perovskite are usually made of polycrystalline thin films 

[38,76,79,149], therefore, we will not list them in detail, either. From the above-mentioned 

PSCs, we could notice their excellent performance and great potential in the field of de-

tection. In addition, applications of all-inorganic PSCs whether on solar cells or in other 

fields still need to be more explored, and more novel devices are meant to be more stud-

ied, too.  
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Figure 9. (a) Measurement results of I−T curve of detectors under bias of 2V voltage and rise and 

decay time measurement result. Adapted with permission from Ref. [150]. 2017, John Wiley and 

Sons; (b) photoresponse test result of CsPbBr3 PSC photodetector fabricated by Zhang et al. at dif-

ferent wavelengths. Adapted with permission from Ref. [54]. 2017, American Chemical Society; (c) 

structure of the detector made of CsPbBr3. Adapted with permission from Ref. [84]. 2017, American 

Chemical Society; (d) measurement results of I-T curve of detectors and rise and decay time test 

result. Adapted with permission from Ref. [84]. 2017, American Chemical Society; (e) light-to-dark 

test results of the Cs2InAgCl6 PSC detectors under 365 nm monochromatic. Adapted with permis-

sion from Ref. [103]. 2018, American Chemical Society; (f) AFM image of two-dimensional nuclea-

tion on CsPbBr3 PSC (101) plane. Adapted with permission from Ref. [145]. 2017, American 

Chemical Society; (g) schematic diagram of photocurrent production and the PL emission process 

in 0D Cs4PbBr6 and 3D CsPbBr3 PSCs. Adapted with permission from Ref. [84]. 2017, American 

Chemical Society; (h) measurement results of I-T curve of CsPbBr3 PSC detectors under different 

voltage bias. Adapted with permission from Ref. [145]. 2017, American Chemical Society; (i) on-off 

ratio test result (I-T curve) of CsPbBr3 PSC detectors. Adapted with permission from Ref. [43]. 2016, 
John Wiley and Sons. 

8. Summary and Perspectives 

Compared with unstable organic–inorganic hybrid PSCs that are easy to decom-

pose, all-inorganic PSCs demonstrate remarkable stability in the normal environment. 

Meanwhile, all-inorganic PSCs also show excellent optoelectric properties, which makes 

them become promising candidates to be applied in more fields. Owing to the 

above-mentioned merits, all-inorganic PSCs have attracted numerous researchers and 

have been intensively explored. Here, we make a summary of them and provide some 

perspectives on the development of all-inorganic PSCs. 
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8.1. Summary 

Firstly, we list traditional 3D ABX3 type all-inorganic perovskite single crystals. The 

most representative all-inorganic ABX3 type PSC is CsPbBr3, whose growth methods can 

be mainly clarified into two methods: the Bridgman method and the solution-grown 

method. Using the Bridgman method to grow crystals needs vacuum conditions and 

high temperatures. Crystals grown by the Bridgman method contain fewer impurities 

and are always large; therefore, their mobility, resistivity, and other optoelectric proper-

ties are usually more excellent than those of crystals grown by the solution-grown 

method. Many researchers have made great efforts to improve this method by modifying 

the growth device and optimizing the process parameters. However, the high tempera-

ture would make the crystals suffer a phase transition when growing CsPbBr3 PSCs. PSCs 

can be synthesized at room temperature using the solution-grown method. We also 

emphasize the two main solution-grown methods: the AVC method and the ITC method. 

Precursor solutions play an important role in these methods and also need to be im-

proved most. Compared with CsPbBr3 thin films, CsPbBr3 PSCs generally have more 

excellent optoelectric properties because single perovskites always contain fewer grain 

boundaries and defects than polycrystalline crystals. Some other novel growth methods 

such as epitaxial methods of CsPbBr3 are also listed. 

Except for traditional ABX3 all-inorganic PSCs, we introduce crystals with 

low-dimensional structures that feature high PLQY and scintillation yield. Benefiting 

from these features, they have been widely used in irradiation detectors and without a 

doubt demonstrate remarkable energy resolution and performance. Then, the special 

double PSCs are discussed—this kind of A2BB′X6 type double PSC provides a way to 

reduce the lead element in materials, and they could be easily grown using the solu-

tion-grown method. These advantages could facilitate the applications of these emerging 

materials. We also list some mixed-type materials to deeply understand the role of spe-

cies composition in all-inorganic PSCs, which can help us to understand these materials 

comprehensively so that we can make better use of them and develop new materials. 

Finally, we make a summary of the current research on applications in irradiation 

detectors and photodetectors and discuss the progressiveness of all-inorganic PSCs. 

Based on this summary, we find that except from adopting better growth methods and 

conditions, applications of them still need to be more explored whether in the structure of 

devices or the application type. 

8.2. Perspectives 

It is worth mentioning that there is an interesting phenomenon that the solu-

tion-grown methods for all-inorganic PSCs mostly originate from the same methods for 

hybrid PSCs. Many improvements in the compositions of organic solvents and an-

ti-solvents are also actually inspired by similar methods for hybrid PSCs. It is these in-

spirations that effectively accelerate and promote the development of the solution-grown 

methods. Benefiting from the solution-grown methods, the PSCs can be widely explored 

and studied by more researchers. 

(1) In our previous work, we successfully grew hybrid PSCs with a micro-concave 

structure that could enhance the harvesting capabilities of devices [151]. Considering 

the general link between hybrid PSCs and all-inorganic PSCs, therefore, paying more 

attention to the physical structure of PSCs may help to enhance the harvesting capa-

bility, thus boosting the performance of devices. Growing more all-inorganic PSCs 

with different appearances could be a promising perspective to develop new devices 

with specific applications. 

(2) The problem of phase transition still exists in some methods that need high temper-

atures. These methods can be optimized by changing the conditions such as by 

adding an antisolvent into precursor solutions because, in most cases, the composi-

tion of the solution could influence both the volatilization rate and the saturation 
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degree. Therefore, the complex effects should be considered to improve crystalliza-

tion, thus creating PSCs of high quality. Looking for a more suitable solvent or pre-

cursor solution with advanced tools such as machine learning should be explored 

due to the large amounts of data created for potential materials. 

(3) The toxin in traditional lead halide perovskite is harmful to the environment and 

human health. Synthesizing new lead-free perovskite is a good way to solve this. In 

this review, we could notice that the structures of low-dimensional crystals and 

double perovskite materials offer more opportunities to replace toxic elements. 

Hence, developing other kinds of new all-inorganic perovskites not only can better 

their potential in optoelectronic devices but also achieve the goal of being environ-

mentally friendly. Researchers could take advantage of the merits of materials, thus 

achieving great potentials. 

(4) Due to the absence of systematical growth theories of PSCs, it is a pity that some 

growth behaviors such as the relationship between the growth rate and temperature 

and the effect of composition in precursor solutions are still hard to understand. 

Therefore, if the effect of a complex crystallization environment can be summarized 

systematically, it will greatly help researchers to build up systematical growth theo-

ries of PSCs and fundamentally optimize their growth methods. Some 

state-of-the-art technologies such as machine-learning with excellent big-data solving 

abilities should be carefully considered, which would represent a great tool in the 

analysis of crystallization from the selection of solvent to a detailed control process. 

(5) In terms of application, although devices such as irradiation detectors made of these 

special PSCs achieve excellent performance, other devices such as solar cells and op-

tical light detectors still need to be studied further. As mentioned above, it has been 

confirmed by theoretical calculations that these PSCs, with proper dopants and spe-

cific orientations, could result in extremely excellent performance; therefore, further 

research on more applications and device structures is necessary to achieve their 

great potential and expand the scope of applications. 
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