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Halide perovskites have recently emerged as promising semiconductor materials for several 

applications including solar cells, light-emitting diodes (LEDs), and radiation detectors. The charge carrier 

transport properties, which could be evaluated by the mobility-lifetime (mu-tau or µ-г) product, serve an 

important role for the development of halide perovskites for radiation detection applications. In this 

perspective, we firstly explain the charge transport mechanism and the limiting factors that determine the 

intrinsic charge carrier mobility in halide perovskite single crystals. Then, we overview the techniques and 

methods that have been employed for evaluating the charge carrier mobility (for both electrons and holes). 

Finally, we discuss the discrepancy between the experimentally determined carrier mobility from the 

literature for halide perovskite single crystals and a perspective on future developments for carrier mobility 

enhancement is provided.  

 

I. Introduction 

Halide perovskites recently attracted much attention due to their outstanding potential in solar cells, 

photodetectors, and high-energy radiation (X-ray/gamma-ray) detectors.1-7 The parent halide perovskite has 

a general formula of ABX3, where A is a larger monovalent cation such as methylammonium (MA+) or 

formamidinium (FA+), B is a smaller divalent metal cation such as Pb2+, X is a halide anion Cl-, Br- or I-. 

The three-dimensional (3D) crystal structure of the ABX3 perovskite (Fig. 1(a)) is formed by the corner-

sharing [BX6]
4- octahedra with the cubo-octahedral voids filled by relatively small monovalent A cation.8 

The 3D perovskites such as MAPbX3 are known to have excellent charge transport properties with high 

carrier mobility, however, their air/moisture instability and the presence of toxic lead are barriers for their 

further development into commercial products. For example, FAPbI3 perovskites exposed under ambient 

air conditions can undergo facile phase transition from α-phase to δ-phase within a few days,7 and therefore, 

are undesirable for long-term use. To resolve the stability and toxicity issues, much effort has been devoted 

to the manipulations of chemical composition and crystal structure of perovskites; virtually unlimited 

materials design space is available in lower-dimensional perovskites including two-dimensional (2D) 

layered, one-dimensional (1D) chain, and zero-dimensional (0D) cluster halide perovskites.  
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The 2D layered perovskites constitute large families of ⟨100⟩-oriented, ⟨110⟩-oriented and ⟨111⟩-

oriented perovskites (Fig. 1(b)), each family with its own general chemical formula, as well as more exotic 

frameworks.8,9,10,11 Typically, dimensional reduction from the parent 3D perovskite to 2D layered 

perovskites is achieved through the incorporation of organic cations R (can be both aromatic or aliphatic) 

that are too large for the cubo-octahedral A site in the ABX3 perovskite structure, which results in the 

“slicing” of 3D perovskite framework along different crystallographic directions.11,12 An important 

advantage of the low-dimensional perovskites including 2D perovskite is that as the structural 

dimensionality is reduced, the size restrictions for the components (e.g., as outlined by the tolerance factor) 

are gradually lifted, providing a much richer compositional phase space for chemical modifications and 

property fine tuning. On the other hand, the main contributors to the states around the band gap in the parent 

lead halide APbX3 perovskites are Pb and X elements, and therefore, the fractioning of the 3D [PbX3] 

network into thin 2D layers, 1D chains or isolated 0D clusters has major influences on the optical and 

charge transport properties of the resultant materials. Thus, 2D perovskites typically have much poorer and 

anisotropic charge transport properties but also can exhibit much more enhanced moisture stability owing 

to the protective organic cationic layers in between the inorganic perovskite layers (Fig. 1(c)).13,14 In most 

2D layered perovskites, charge carriers are limited to be effectively transported only along the inorganic 

perovskite layers.8 Similar to 2D perovskites, 1D perovskites feature chains made of corner sharing of 

[BX6]
4- octahedra that are isolated in two dimensions by the A cations separating the chains. However, we 

note that although the parent 3D perovskite structure features only corner sharing of the [BX6]
4- octahedra, 

in recent years, the halide perovskites terminology has been loosely applied to all kinds of metal halide 

networks including various units formed by corner-sharing, edge-sharing and face-sharing arrangements.15 

In 0D perovskites, each individual metal halide octahedral cluster is completely isolated and surrounded by 

organic cations, and thus, 0D perovskites usually possess the poorest charge transport properties.  

The development of halide perovskites in their single crystals form for ionizing radiation detection has 

witnessed a rapid growth over the past few years. In 2013, Stoumpos et al. studied the optoelectronic 

properties of CsPbBr3 semiconductors for high-energy radiation detection, however, no energy-resolving 

performance was reported in this work.16 In 2016, Dirin et al. for the first time showed that the same material 

could respond to 59.5 keV gamma-rays.17 Another 3D perovskite, FAPbI3, also has been reported as 

effective material for gamma photon detection.18 More recently, He et al. demonstrated that CsPbBr3 could 

be used for wide range gamma-ray detection with superior energy resolution.19 Such remarkable progress 

of halide perovskites within such a short development period clearly shows the strong potential of this 

material class for the use in the next-generation room-temperature radiation detectors. Despite early success 

and great potential of halide perovskites, accurate characterization of the charge transport of this remarkably 

diverse materials class is still a work in progress. Among the important issues are the fact that their charge 
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carrier transport is not well understood and there is a large variation in the reported mobility values in the 

literature. In this perspective, we overview the charge transport mechanisms in halide perovskites, and 

discuss the discrepancy and variance between the reported experimentally determined carrier mobilities 

with a major focus on the prospective use of halide perovskites for radiation detection. A prospect on 

element doping for enhancing the intrinsic carrier density of halide perovskites is provided.  

 

Figure 1. Crystal structures of (a) the parent 3D ABX3 perovskite, and (b) its layered 2D perovskite 

derivative. (Reproduced with permission from [8], Springer Nature, Copyright 2019.) (c) Illustration of the 

charge transport in 2D perovskites, where the larger organic R cations form electrically insulating layers to 

prevent charge transport along the parallel direction. (Reproduced with permission from [8], Springer 

Nature, Copyright 2019.) (d) Illustration of the direct (1) and indirect (2) band-to-band transitions for 

perovskite semiconductors. 

 

II. Charge Transport Mechanism 

Charge carrier mobility µ is the drift velocity 𝑣 of charge carriers per unit of electric field 𝐸. Therefore, 

mobility is expressed using the below formula, 

µ =
𝑣

𝐸
                    (1) 

In general, charge carrier electrons are sitting in the valence band (Fig. 1(d)) and unable to move freely 

to conduct the current flow. By heat or photon excitations, charge carriers could gain enough energy to 

move to the conduction band, and therefore, become free electrons. The empirical formula of electron-hole 

pair creation energy W (eV) that is applicable for halide perovskites is,20 

          𝑊 = 2𝐸𝑔 + 1.43                   (2) 
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where Eg is the bandgap energy from the valence band maximum (VBM) to the conduction bandgap 

minimum (CBM). The valence-to-conduction band transitions could be either direct-type (marked by the 

orange arrow in Fig. 1(d)) or indirect-type (marked by the green arrow in Fig. 1(d)); the nature of the optical 

band gap determines if the phonon participation for electron momentum conservation is necessary.  

 

Figure 2. (a) Temperature dependence of the Hall mobility for MAPbBr3 single crystals. (Reproduced with 

permission from [21], John Wiley and Sons, Copyright 2016.) (b) Determined Hall mobility for as-grown 

and artificially SnIV-doped MASnI3 single crystals. Inset shows a plot of resistivity versus temperature. 

(Reproduced with permission from [22], Elsevier Inc., Copyright 2013.)  

 

Charge carrier mobility of perovskite semiconductors is a complex parameter that is influenced by 

temperatures, crystal structures, carrier concentrations, and doping levels. Yi et al. reported the temperature-

dependent Hall mobility for MAPbBr3 single crystals across the cubic-to-tetragonal phase transition (Fig. 

2(a)). The results suggest that acoustic-phonon and space-charge carrier scattering mechanisms may 

dominate respectively in the two different MAPbBr3 crystal structures. The impurity dopants could serve 

as either donors or acceptors to modify the carrier mobility. The donor impurity “donate” electrons to the 

perovskite hosts, reversed situation suits the acceptors. Fig. 2(b) shows the measured Hall mobility for as-

grown and SnIV-doped tin perovskite MASnI3 single crystals. Material defects are also playing an important 

role for the charge transport, and therefore, are directly linked to the charge transport mechanism. Electrons 

could be trapped by deep-level vacancy-type defects, and thus, could not be effectively transported towards 

conduction band. Dislocation-type defects could enhance the scattering probability of electrons. To enhance 

the carrier mobility and charge transport properties, suppressing the formation of deep-level defects plays 

a vital role. In some scenarios, this may be simply achieved by adjusting the loading ratio of starting 

chemicals for the subsequent solution-processing of halide perovskites. Theoretical reports suggest that 

Cs2AgBiBr6 double perovskites could be grown from Bi-poor/Br-rich solutions to suppress the formation 
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of deep-level vacancy and anti-substitution defects VBr and BiAg.
23 Optimized crystal growth and 

compositional engineering using cation/halide substitutions could be key solutions for controlling the 

concentration of deep-level defects.24   

 

III. Measurement Methods and Techniques 

A. Time-of-Flight 

The time-of-flight (ToF) technique measures the velocity of charge carriers under a certain applied 

electric field. The charge carrier velocity 𝑣 (cm/s) can be simply determined using 𝑣 = 𝐿/𝑡, where L (cm) 

is the carrier drift distance and t (s) is the carrier drift time. To evaluate the carrier mobility of halide 

perovskites, a single crystal-based device is usually fabricated with metal electrodes deposited on the two 

opposite sides of a thick single crystal. Charge carriers are then produced by heat/photon excitations and 

being pulled towards cathodes (holes) and anodes (electrons) if a certain bias voltage is applied (Fig. 3(a)). 

In the scenario that charge carriers are being produced on the device surface and could travel the entire 

distance between the two opposite electrodes, the carrier drift distance L then equals the length between the 

two opposite electrodes. To determine the carrier velocity, the carrier drift time could be determined from 

the ToF pulse trace. Fig. 3(b) shows the ToF pulse trace using TlSn2I5 perovskite-based detector,25 which 

was excited by the Am-241 alpha source. The carrier drift time (or transit time) is then read as two times 

the time it requires for the voltage amplitude to reach half of the maximum or it could be read as the time 

takes from 10% to 90% of the maximum amplitude. It should be noted that ToF technique is device-oriented 

and very useful for separately determining the hole mobility and electron mobility.  
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Figure 3. (a) Illustration of the working principle of halide perovskite semiconductor-based radiation 

detectors and the effect of vacancy and dislocation type defects for charge transport. (b) ToF pulse signal 

using TlSn2I5 perovskite-based detector, excited by Am-241 alpha source. (Reproduced with permission 

from [25], American Chemical Society, Copyright 2017.) (c-d) SCLC curves with marked ohmic, TFL, and 

child regimes for MAPbBr3 and MAPbI3 perovskite single crystals. (Reproduced with permission from [26], 

Springer Nature, Copyright 2015.)  

 

B. Space-Charge-Limited-Current 

Space-charge-limited-current (SCLC) is another technique that has been widely employed for 

determining the charge carrier mobility. In SCLC measurements, there are three transition regimes: ohmic, 

trap-filled limited (TFL), and child. Fig. 3(c-d) show the SCLC measurement results for MAPbBr3 and 

MAPbI3 perovskite single crystals. The charge carrier mobility is evaluated from the child regime, where 

the injected charge carriers from metal contacts dominate over the intrinsic charge carriers in halide 

perovskites and thus the charge carrier mobility is no longer a function of intrinsic charge carrier 

concentration. Owing to such, the SCLC technique is typically more accurate for determining the carrier 

mobility as compared to the ToF method. In the child regime of SCLC curve, the carrier mobility µ is 

evaluated using the Mott-Gurney law,27 

𝜇 =
8𝐽𝐷𝐿3

9ƐƐ0𝑉2                  (3) 

where 𝐽𝐷  is the current density, Ɛ is the dielectric constant, Ɛ0 is the vacuum permittivity, and L is the 

crystal thickness. 
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C. Hall Effect 

Hall effect is a measure of the charge carrier behaviors under both the electrical and magnetic fields. 

When the magnetic field acts perpendicularly to the current flow direction in perovskite single crystals, a 

Lorentz force that is in the direction transverse to the current flow is produced. Under the Lorentz force, 

the charge carrier moving direction is deflected. Holes and electrons are deflected to opposite directions 

owing to the positive charge of holes and the negative charge of electrons. The positive or negative sign of 

the Hall voltage 𝑉𝐻, therefore, could be used to determine the conduction type (p or n) of halide perovskite 

semiconductor solids. Carrier mobility could be evaluated from Hall effect measurement using, 

µ =
𝑅𝐻

𝜌
               (4) 

where RH is the Hall coefficient and ρ is the semiconductor resistivity.  

 

D. Time-Resolved Tetrahertz Spectroscopy & Time-Resolved Microwave Conductivity 

Time-resolved tetrahertz spectroscopy (TRTS) is a contactless ultrafast probe technique that is widely 

used for thin film studies and employs visible excitations to acquire the transient photoconductivity from 

specimens. It can be done using either transmission or reflection mode. For halide perovskite single crystals, 

the measurement is very challenging in the transmission mode, which requires the specimen to be 

transparent. Few reports have been made with this technique to study the carrier mobility of halide 

perovskite single crystal specimens.28,29 A similar contactless measurement technique is time-resolved 

microwave conductivity (TRMC), which essentially monitors the transient change in microwave 

reflectivity that charge carriers produce after the sample has been photoexcited by a nanosecond laser 

pulse.30 Using the TRMC method, the relative change of microwave power that relates to the charge carrier 

mobility could be measured and expressed below,31,32 

𝛥𝑃(𝑡)

𝑃
= 𝐴𝑒(𝛥𝑛𝑒(𝑡)µ𝑒 + 𝛥𝑛ℎ(𝑡)µℎ)                  (5) 

where A is a microwave frequency-dependent sensitivity factor, µ𝑒 and µℎ are electron and hole mobilities 

respectively, 𝑛𝑒 and 𝑛ℎ are the electron and hole concentrations.  

 

E. Suitability of the Measurement Techniques 

As discussed above, the ToF drift mobility is device-oriented and therefore is very useful for device 

characterizations. Nevertheless, to determine the carrier mobility using ToF technique, the sample thickness 

has to be suitable for ToF evaluation. This is because the carrier drift length λ (𝜆 = µг𝐸, E is the electric 

field) is limited by the carrier mobility-lifetime product and the applied electric field. SCLC is also a device-
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based technique, however, the carrier mobility determined using the SCLC technique is no longer a function 

of intrinsic carrier concentration, and therefore, is more accurate than the ToF drift mobility. The Hall 

mobility is slightly different from the carrier drift mobility, which originates from the different charge 

transport scattering mechanisms (e.g., ionized-impurity scattering, charged dislocation scattering, lattice 

scattering) under both the electrical and magnetic fields. For example, the Hall mobility determined for 

single crystal silicon are 1560 and 345 cm2/V-s for electrons and holes, whereas the drift mobility values 

are 1360 and 510 cm2/V-s, respectively.33 In addition, under low electrical field conditions, charge carriers 

mainly undergo Coulomb and phonon scattering as they are almost in equilibrium with lattice vibrations.34 

Under high electrical field conditions, the carrier mobility becomes a field-dependent parameter. The 

Coulomb scattering dominates over the phonon scattering at low temperatures, however Coulomb scattering 

and phonon scattering compete at high temperatures due to the lattice vibrations.35 Theoretical models also 

have been proposed to predict the carrier mobility as a function of electrical field and temperatures.36 In 

contrast to the ToF and SCLC measurement techniques that require contacts, TRMC and TRTS take the 

precedence when high-quality electrode contacts are not accessible. Metal contacts with poor-quality could 

lead to band bending and contact resistance. In SCLC experiments, poor-quality electrode contacts could 

even lead the trap-independent child regime to be difficult to reach for reliable mobility retraction. However, 

TRTS measurement is complicated for thick single crystal samples and could not yield the mobility for 

holes and electrons respectively as the ToF technique.  

 

IV. Measurement Discrepancy and Fundamental Limits 

Table 1. Summary of the experimentally determined charge carrier mobility for halide perovskite single crystals. 

Unless otherwise mentioned, the carrier mobility is measured at room-temperature. (h: hole and e: electron) 

Perovskite  Mobility (cm2/V-s) Method Reference 

Three-dimensional (3D) perovskites 

MAPbI3 105±35 (h) Hall 27 

164±25 (h) SCLC 

24.0±6.8 (e) ToF 

65±6 SCLC 42 

60 TRTS 28 

620 TRTS 29 

35 TRTS 71 

130±20 (n-type) 

42±5 (p-type) 

TRMS 72 

MASnI3 2320 (e) 

322 (h) 

Hall 47 

200 (at 250 K) Hall 22 

MAPbBr3 35±2 (h) SCLC 59 

24.0 SCLC 26 

MAPbCl3 42±9 SCLC 60 

FAPbI3 4.4 SCLC 7 

35±7 SCLC 40 

40±5 SCLC 41 

150±15 SCLC 42 
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FAPbBr3 62±11 (h) SCLC 40 

0.12 SCLC 61 

FAPbBr2.23Cl0.77 12 SCLC 61 

FAPb0.97Sn0.03Br3 0.22 SCLC 61 

MA0.45FA0.55PbI3 271±60 SCLC 42 

CsPbBr3 181 (e) 

56.5 (h) 

ToF 62 

63 (e) 

49 (h) 

ToF 45 

1.78 (h) ToF 44 

9.71 - 38.5 Hall 63 

CsPbCl3 28±1 (e) 

20±1 (h) 

ToF 64 

FA0.9Cs0.05MA0.05PbI2.7Br0.3 197 (e) 

219±18 (h) 

SCLC 65 

Cs2AgBiBr6 7.02 SCLC 4 

3.17 SCLC 37 

5 ToF 38 

Two-dimensional (2D) perovskites 

MA3Sb2I9 16.68 SCLC 58 

Sn-doped MA3Sb2I9 43.05 SCLC 58 

Rb3Sb2I9 0.32 (e) ToF 66 

Cs3Sb2I9 0.14 (h) ToF 66 

(NH4)3Bi2I9 213 SCLC 69 

PEA2MA2Pb3I10 4.4×10-2 SCLC 78 

One-dimensional (1D) perovskites 

(DME)PbBr4 > 4.51 SCLC 46 

Zero-dimensional (0D) perovskites 

Cs3Bi2I9 4.3 (e) 

1.7 (h) 

ToF 66 

FA3Bi2I9 4 Hall 67 

MA3Bi2I9 70 Hall 68 

1-6 (h) 

2-8 (e) 

ToF 

Metal-free perovskites 

DABCO-NH4Br3 2.00 (h) 

0.67 (e) 

SCLC 39 

2.08 Hall 

 

In polycrystalline perovskite thin films, charge transport is typically limited compared to single crystals 

due to the grain boundaries, and thus, carrier mobilities for thin films are usually orders of magnitude lower 

in contrast to that for single crystals. The reported carrier mobility values of electrons and holes for halide 

perovskites single crystals are summarized in Table 1. As expected from the structural considerations, 3D 

perovskites such as MAPbI3 and CsPbBr3 exhibit relatively high charge carrier mobilities, however, the 

reported carrier mobilities are noticeably different. There is a vast range for the reported mobilities even 

for the same perovskite structure and chemical composition. For example, the reported mobility values 

range from 4.4 cm2/V-s to 150±15 cm2/V-s for the single crystals of FAPbI3.
7,40,41,42 Similar situation applies 

to FAPbBr3, the experimentally determined mobility values surprisingly could have two orders of 

magnitude difference. Such large discrepancy in the experimentally measured carrier mobilities could be 
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related to the determination of child regime from the SCLC curve.  In the child regime, current (I) is 

proportional to the square of the voltage (V2). It is necessary to ensure the child regime is fitted accurately 

to extract the reliable proportional constant from this region. In fact, as proposed recently by Corre et al.,43 

the traditional manner of using SCLC for studying halide perovskites may need to be entirely revisited. The 

vast disagreement may be explained by the fact that SCLC consistently leads to over- or under-estimation 

of the charge carrier mobility as the influence of ionic species in halide perovskites is simply neglected 

when such measurements are performed. Instead, pulsed SCLC is suggested as the ion species do not have 

sufficient time to migrate and shield the charge from the traps in such measurements.43 On another hand, 

experimental variations also should be partially blamed for such discrepancy. For CsPbBr3, the reported 

hole mobility by Pan et al. using ToF technique is 1.78 cm2/V-s,44 He et al. reported that the hole mobility 

is 49 cm2/V-s.45 In this case, the discrepancy is likely due to the different crystal growth methods (Bridgman 

melt and solution growth, respectively) employed for producing single crystals, which then lead to crystal 

quality variations.  

One popular class among the lower-dimensional family is A3B2X9 perovskites, which have either 2D 

or 0D crystal structure. Their mobility is typically one order magnitude lower as contrast to 3D ones. 

However, (NH4)3Bi2I9 surprisingly has a high carrier mobility of 213 cm2/V-s measured by SCLC, implying 

that even though 2D halide perovskite may have poorer charge transport properties, they should not be 

neglected and may even outperform the parent 3D perovskites. The mobility for one-dimensional 

(DME)PbBr4 is 4.51 cm2/V-s,46 which is as expected much poorer than that for MASnI3 and MAPbI3.
27,47 

Nevertheless, low-dimensional perovskites have been demonstrated to have suppressed ionic migration 

with better long-term operation stability.48,49 Therefore, low-dimensional ones and even the recent arising 

metal-free halide perovskites may be able to serve as new promising candidates to replace the 3D lead 

halide perovskites for high sensitivity X-ray detection.  

Based on the literature reported values, it is noticeable that very few perovskite single crystals have 

carrier mobilities exceeding 300 cm2/V-s, which is much lower than that for conventional inorganic 

semiconductors GaAs (9400 cm2/V-s for electrons), GaN (1000 cm2/V-s for electrons), and cadmium zinc 

telluride (CdZnTe, 1373 cm2/V-s for electrons) for ionizing radiation detection.50,51,52,53 The charge carrier 

mobility limitations for halide perovskites have been attributed to mechanisms such as strong electron-

phonon coupling, which leads to the formation of polarons, and thus, enhanced effective mass of charge 

carriers.54,55 However, the formation of polaron remains an open question requiring further studies. Another 

possible explanation is the highly insulating nature of halide perovskites.58 Halide perovskites have been 

known to exhibit very high resistivities (>107 Ω∙cm) with low electronic conductivity and carrier density, 

thus measuring Hall mobility for halide perovskites is typically very challenging. As carrier mobility is 

highly dependent on carrier density, enhancing the carrier density becomes the key for extracting the 
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intrinsic carrier mobility of halide perovskites. Several reports have shown that AC photo-Hall technique 

is able to reveal the intrinsic carrier mobility of halide perovskites at high carrier density regime, enabling 

simultaneously extracting mobilities for majority and minority charge carriers meanwhile with the carrier-

resolving capability.51,56 Meanwhile, a recent report suggests that doping MAPbI3 thin films with sodium 

could turn MAPbI3 into highly conductive p-type semiconductors and thus enhance the hole carrier 

concentration.57 Similar doping strategy should be applicable for other halide perovskite single crystals, as 

demonstrated by a recent example of Sn-doped MA3Sb2I9.
58  

 

V. Summary and Conclusions 

Halide perovskites-based radiation detectors have shown encouraging energy-resolving performance 

with the added benefit of low material cost from solution processing. These advantageous characteristics 

distinguish perovskite single crystals as promising alternatives to the leading semiconductor detector 

materials such as CdZnTe. Importantly, this field is still in its infancy and the carrier mobility of halide 

perovskites could be further enhanced, e.g., by elemental doping and cation engineering methods, to 

accelerate their development for wide commercial deployment. Specifically, more beneficial work can be 

done to dope halide perovskites (especially the iodide version of 3D perovskites that have suitable bandgap 

energy Eg) with the aim of enhancing their intrinsic carrier density. On the A cation site, a few recent reports 

attempted to elucidate the role that organic cations play for varying the charge carrier dynamics in halide 

perovskites.73,74 Though the findings remain under debate, the fact that the organic cations can play a pivotal 

role in the optoelectronic properties of hybrid materials has been evidenced in a number of low-dimensional 

metal halides.11,75,76 Therefore, further exploration of employing different organic cations to tune the 

material’s optical bandgap, and the orbital makeup of states around the optical band gap is warranted. Low 

Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) gap π-

conjugated organic species with relatively high dielectric constant may be the ultimate solution to break the 

dielectric confinement ‘bottleneck’ in low-dimensional perovskites.77 On the B-site front, tin(II) perovskites 

exhibit superior charge transport properties in the perovskites family, which makes them stand out. 

However, instability of Sn(II) perovskites due to the facile oxidation of Sn2+ to Sn4+ remains to be a 

significant challenge requiring further research. A further key challenge in the field is the vastly different 

carrier mobilities reported in the literature for the same perovskite composition and stoichiometry. Newly 

developed techniques such as the AC photo-Hall measurements may provide more accurate data for halide 

perovskites. In addition, dislocation related carrier scattering in halide perovskites may be reduced by 

suitably altering the crystal synthesis conditions. Density functional theory (DFT) and ab initio calculations 

also have been widely used to study halide perovskites and predict their charge transport properties.79,80,81 

However, the development of an accurate theoretical model for fully elucidating the charge carrier 
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dynamics in halide perovskites is still a challenging problem. For example, the slow migration of halide ion 

species, which plays a vital role for the charge carrier transport, could not yet be simulated. It is necessary 

for a theoretical model to consider the lattice fluctuations, halide ion diffusion, and the electron-phonon 

coupling. In combination with the experimental verifications, accurate modeling of the charge transport and 

chemical dynamics of halide perovskites will aid the development of halide perovskites for optoelectronic 

applications.  
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