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Lead-free halide perovskites have recently emerged as promising photoactive materials due to their nontox-
icity, stability, and unique photophysical properties. However, similar to lead-based perovskites, ion migration
plays a significant role in determining their device potential and needs an in-depth understanding. Here, we study
the role of A-site cation size and its nature on the ion transport dynamics in the A;Bi,ly [A= methylamine (MA)
and formamidinium (FA)] perovskite single crystals (SCs) using the temperature-dependent electrochemical
impedance spectroscopy. The activation energy was estimated as 0.54 and 0.66 eV with a corresponding trap
density of 13 x 10° and 6.7 x 10° cm™ for MA;Bi,ly and FA3;Bi,IoSC, respectively. The higher activation
energy in FA;Bi,19SCs indicates suppressed ion migration which can be attributed to its large cation size leading
to lattice enlargement and reduced rotational motion. Additionally, the less acidic and less polar character of
the FA cation and strong hydrogen bond plays an important role to reduce the defect states. Furthermore,
current-voltage (I-V) measurements also confirm the lower degree of hysteresis in FA;Bi;IoSC than that of
MA;Bi;Iy SC, demonstrating lower ionic conductivity in these materials. Our paper provides a fundamental
understanding of the role of the A-cation effect on the ionic and electrical responses in these lead-free SCs, which

will be beneficial for designing the perovskite devices to improving their performance and overall stability.
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I. INTRODUCTION

Lead halide perovskites (LHPs) have recently emerged as
promising semiconducting material due to their excellent pho-
tophysical properties for developing highly efficient solar cells
[1-5], light-emitting diodes [6], lasers [7], field-effect tran-
sistors [8,9], and photodetectors [10]. However, the toxicity
of lead (Pb) poses serious environmental and health hazards
and requires the replacement of lead with a relatively less
toxic isoelectronic element without compromising much of its
performance [11]. This has fueled up the development of sev-
eral lead-free halide perovskites with different metal cations,
namely, Bi, Sn, Sb, Ge, etc. for optoelectronics applications
[12-16]. However, photostability and light-induced degrada-
tion are some of the challenges that need to be catered to for
future advances [17,18]. Notably, the ion transport dynamics
which is probably the main reason for the occurrence of hys-
teresis in I-V characteristics, the slow conductivity response,
and the large dielectric constant remain elusive [19-21]. To
date, significant efforts have been devoted to understanding
ion migration in LHPs and several strategies are proposed for
the reduction of ion migration [19,20,22-26]. Unfortunately,
the understanding and cause of hysteresis and ion migration
in lead-free perovskite SCs are still ambiguous, and only
a few studies are reported. In this context, it is critical to
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comprehend the ion dynamics of these materials in order to
improve the performance of the devices fabricated using these
materials.

Out of several lead-free perovskites, isoelectronic Bi (Bi**
have 65> lone pair same as Pb>*) based lead-free perovskites
with the A3;Biylg [A = methylammonium (MA), formami-
dinium (FA), Cs, Rb, etc.] crystal structure are particularly
interesting due to their nontoxicity and rich structural diver-
sity [12,16,27]. These A3Bi,ly perovskites adopt an ordered
vacancy structure and demonstrate greater thermal and phase
stability compared with lead-based halide perovskites. Apart
from being used in solar cell devices, these Bi halides have
attracted much attention as high-energy radiation detectors
and imaging devices for medical diagnostics [12,28]. Conse-
quently, in recent years, extensive efforts have been devoted to
understanding their optical and electric properties. However,
to optimize the device potential of these Bi-based lead-free
perovskite materials, an in-depth understanding of carrier
transport especially ion dynamics, ionic conductivity, /-V hys-
teresis, and their impact on stability and device performance
need to be studied in detail.

Several experimental and theoretical approaches have
been reported in the literature to quantify ion dynamics of
perovskite film including temperature-dependent impedance
spectroscopy [29], photothermal induced resonance mi-
croscopy [30], photoinduced current transient spectroscopy
[31], muon spin relaxation [32], transient capacitance mea-
surements [33], Kelvin probe force microscopy [22,34,35],
and first-principles DFT calculation [20,26]. All of these stud-

©2022 American Physical Society


https://orcid.org/0000-0001-7479-872X
https://orcid.org/0000-0002-1858-8397
https://orcid.org/0000-0001-9218-3796
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.6.045401&domain=pdf&date_stamp=2022-04-04
https://doi.org/10.1103/PhysRevMaterials.6.045401

NAVEEN KUMAR TAILOR et al.

PHYSICAL REVIEW MATERIALS 6, 045401 (2022)

ies reveal that both anions and cations can migrate due to
the presence of vacancies, interstitials, or antisite substitu-
tions [19,24,36]. However, based on different experimental
techniques, a large variation in the activation energies for ion
migration has been reported. Furthermore, the A-site cation
engineering significantly alters the properties of the perovskite
crystal structure [29]. The A-site cation is an essential part
of the perovskite lattice, and its orientations, size, and nature
are likely coupled to the material structure and dynamics
[27,37,38]. Various investigations have recommended that A
cations play a significant role to determine the optoelectronic
performance of perovskite devices [39—44]. However, there
is still a lack of comprehensive understanding of the A-site
cation effect on ionic migration and /-V hysteresis. An in-
depth understanding of ionic migration and A- site cationic
effect on the activation energy and ionic conductivity is re-
quired for optimizing the performance of lead-free perovskite
SC-based devices.

Here, we have investigated the effect of A-cation size
and nature on the ionic and electrical transport properties of
as-grown MA3Bi;ly and FA3Biyly perovskite SCs. Interest-
ingly, we observe that introducing the larger A cation leads to
the larger unit cell and lower band gap. We have calculated
the ionic and electronic transport parameters and find that
FA;3;Bi;[9SC exhibit higher activation energy and lower trap
states. Additionally, the I-V curve was measured with temper-
ature variation to investigate the degree of hysteresis in both
SCs. As expected, FA3Bi;19SCs show a lower degree of I-V
hysteresis due to higher ion conduction activation energy. In
addition, we have provided outlook that needs to be addressed
in the future to understand the ionic and electronic transport
in these materials.

II. METHODS

A. Materials and crystal growth

Methylammonium iodide (MAI) (>99.0%), formami-
dinium iodide (FAI) (>99.0%), and bismuth iodide anhydrous
(Bil3) (>98.0%) was purchased from the TCI chemicals.
GBL (y-butyrolactone) extra pure was purchased from SRL.
All chemicals were used as received without further purifica-
tion. Growth of the MA3;Biyly and FA3Bi,ly single crystals
was carried out by inverse temperature crystallization (ITC)
method. According to the stoichiometric ratio of A3Bilo,
(A = MA and FA) 3-mol AI and 2-mol Bil; were dissolved
into 1.2-ml GBL under continuous magnetic stirring at 60 °C
until no powder is observed. Now the temperature was in-
creased up to 120 °C with a heating rate of 0.5 °C per hour.
At 120°C we put the solution for 2 days. After 2 days, we
obtained millimeter-sized SCs. There was no seed placed in
solution so homogeneous nucleation occurs and single crys-
tals grew in this process.

B. Characterizations

Photographs of crystals were taken using a DSLR cam-
era. Powder x-ray-diffraction pattern was measured using a
Bruker (D8-Advance model) diffractometer equipped with
a LINXEYE XE detector under Cu K« radiation (A =
1.54 A). The absorbance spectra of crystals was measured

using Microprocessor UV-visible double beam spectropho-
tometer LI-2800. For the Raman spectra measurement, the
WiITec 300 RA Raman instrument was used with the laser
source 532 nm. Electrochemical impedance spectroscopy
(EIS) measurements were performed using a potentiostat
autolab equipped with a frequency response analyzer. EIS
measurements were performed as a function of temperature.

III. RESULTS AND DISCUSSION

A. Structural analysis

The lead-free A3BiyIoSCs with two different sized organic
cations A = MA* (2.17 A) and FAT (2.53 A) were grown
using the solution-processed ITC technique. The images of
as-grown crystals are presented in Fig. S1 of the Supple-
mental Material [45]. The crystal structure of MA;3Biyl
and FA;Biyly is presented in Figs. 1(a) and 1(b), respec-
tively. Both crystals possess a zero-dimensional structure. In
MA;Bi, o, the face-shared Bilg bioctahedra or (BiyIg)>~ clus-
ters are separated by CH3NHY groups. Similarly, in FA;Bilo,
the FA* ions are distributed around the isolated (BiyIg)>~
dioctahedral. In these structures, a hydrogen bond (H bond)
forms between the H' ion and the I” ions which leads to
stretching in (Bizl9)*~, enhances the Bi-Bi distance and the
band gap. The hydrogen-bonding interaction is larger for the
FA™ cation because of two NH, groups. Additionally, MA™
is a sp3-hybridized polar cation whereas FA* is a sp® polar
cation. The positive charge in MA™ is mainly localized toward
its —NH3 moiety and in FA™, it is delocalized between the
two —NHj, groups. The FA™ cation has a significantly smaller
dipole moment than the MA™ cation [46].

The crystalline quality of as-grown SCs was investigated
using the x-ray diffraction (XRD) technique. The XRD pattern
of MA3Bi;ly and FA3Bi;IoSCs [Fig. 1(c)] reveals that the
(006) peaks show the highest intensity which can be assigned
to the preferential orientation along the ¢ axis. The crystal
structure of both crystals belongs to the hexagonal system
with the P63mmc space group [27]. The corresponding lattice
parameters of these SCs are estimated as a = 8.58, b = 8.58,
and ¢ = 21.74 A for MA;Bisly SC and a = 8.77, b = 8.77,
and ¢ = 22.11 A for FA3;Bi,I,SC. The larger cation requires a
longer distance between the crystal lattice planes and, hence,
lattice parameters enhance in FA3Biylg. The enhancement of
the lattice unit cell because of the large A-site cation can be
attributed to elongatement of Biylg bioctahedra due to long-
range hydrogen bonding. The XRD patterns of crystals exhibit
prominent peaks at 8.23°, 16.26°, and 24.54° for MA3;Biy]
SC and 26 = 8.10°, 16.04°, and 24.08° for FA3Bi,[SC. We
observed that major peaks in the FA3;Bi,ly crystal; gradually
shift to lower 26 values in comparison to the MA3Bi, Iy crys-
tal. Additionally, for confirming the phase purity of grown
SCs, we performed the precursors XRD and presented them in
Fig. S2 of the Supplemental Material [45]. We did not find any
crystalline residue from either FAI or Bil; in the FA3;Bi,19SC,
MALI, and Bil; in the MA3Bizly SC.

B. Optical properties

Furthermore, we performed steady-state diffuse reflectance
spectroscopy to investigate the absorption profile and band
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FIG. 1. Crystal structure of (a) MA3;Bi,lg and (b) FA;Bizly. [MA= CH3NH;, FA = CH(NH,;),] (c) XRD pattern and (d) the calculated
absorption spectra from diffuse reflection spectra for MA3;Biy Iy SC and FA;Bi,1oSC.

gap. We calculated the absorption spectra as presented in
Fig. 1(d). The absorbance spectra for both crystals indicate the
clear band-edge cutoffs with negligible excitonic signature.
The indirect band gap was calculated using the Tauc plot
and values are estimated as E, = 1.75eV for FA3Biyly and
E, = 1.81eV for MA3Bi,lo SC (Fig. S3 of the Supplemental
Material) [45]. The cation size has a significant impact on the
absorption region, and it is well documented in the case of lead
halide perovskite SCs [47]. Usually, the large-radii A cations
result in the lower band gap in lead halide perovskites. In our
case of Bi-halide SCs, we observe that the introduction of
the larger A cation extends the absorption edge and reduces
the band gap. Although the A cation does not participate in the
bands formation, the interaction of the A cation with the in-
organic framework can affect the optical properties. The band
gap in these structures arises because of the hybridization of
Bi 6s, 6p, and I 5p states. The A cation can affect the band gap
by the chemical pressure because of the cation size and the
strength of H bonds [48]. As we discussed above that H-bond
strength is larger in FA3Bi,lg, which can reduce the band gap.
The large-sized FA cation induces the chemical pressure to
compress the Bi, Iy bioctahedra, enhances the overlap between
Bi 6s5/6p and I 5p states, which results in the reduction of
the band gap. However, in these lead-free crystals, the A-site
cation size effect is weaker than reported lead halide SCs
which is due to the less connectivity of A cations with the

[Bi,Io]* octahedra [49]. To investigate the structural features
and the role of Bi-X bonds, we measured the Raman spectra of
both crystals. In these crystals, the dominant vibrations occur
due to strongly bound [BizIo]?~ unit with the bridging MA*
and FA™ cations. We observed that the Raman peaks occur at
84, 110, 132, and 143 cm™" in the MA;Bi,Io SC and 85, 111,
and 145 cm™ in the FA3Bi,IoSC (Fig. S4 of the Supplemental
Material) [45]. The peak at 110 and 84 cm™' in MA3Bi,ly and
111 and 85cm™" in FA3Bi,ly are assigned to the bridging Bi-I
symmetric and asymmetric stretching vibrations, respectively.
The peak at 143 and 132cm™ in MA3Bi,ly and 145cm™ in
FA;Bi,ly are assigned to the symmetric and asymmetric ter-
minal Bi-I stretchs, respectively. However, we do not observe
Raman modes at the low-frequency regime probably due to
the less3 ionic interaction between MA™' and FA* cations and
[Bizlo]”".

C. Electrical and ionic properties

The role of the A cation on the electrical properties of
Bi-halide perovskite SCs was studied by using EIS and
current-voltage (J-V) measurements as a function of tempera-
ture. In EIS measurements frequency in the range of 1 MHz
to 1 Hz and the AC perturbation signal of 25 mV is used. The
Nyquist spectra of both the SCs are measured under dark as a
function of temperature and are shown in Figs. 2(a) and 2(b).
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FIG. 2. Dark EIS measurement at 0-V DC bias in the frequency range of 1 MHz to 1 Hz as a function of temperature for (a) MA;Bi, Iy and
(b) FA;3Bi,19SC. Arrhenius plots of the inflection frequencies vs 1000/T [In(fy) vs 1000/T] during increasing and decreasing the temperature
of the for (c) MA;3Biyly and (d) FA3;Biy1ySC. The value of E, shows the activation energy for ion migration.

The obtained Nyquist spectra of SCs exhibit similar behavior
during increase and decrease temperature cycles, which con-
firmed the thermal stability of SCs in the temperature, range
(303-353 K for MA3Biyly and 303-393 K for FA3;Bizly).
We observed better thermal stability in FA3;Bi;[9SCs than
MA;Biylg SCs (Fig. S5 of the Supplemental Material) [45].
It is found that the thermal stability of the perovskite material
directly relates to the acidity of the organic cation [50]. Due
to the acidic character, the organic cation can be deprotonated
to yield hydroiodic acid (HI). The FA cation has a less acidic
character in comparison to the MA cation, which results in
higher thermal stability of FA3Bi>IoSC [51]. FA™T also has
a higher propensity to form hydrogen bonds. Therefore, the
stronger H bond forms between FA' and I" in FA;Bislg
because of the enhanced number of protons in FA* than in
MAT. Furthermore, the strong H bond in FA;Bi,Io enhances
the internal energy of this perovskite phase which helps to
stabilize the structure and possess higher thermal stability.

As evident from Figs. 2(a) and 2(b), the diameter of the
semicircles in both Nyquist plots reduce with the increase in
temperature which indicates that the conductivity enhances
and the associated resistances decrease. Additionally, the
peak frequencies gradually shift to higher values with the
increase in temperature which indicates that the relaxation
time constant reduces with the temperature enhancement. Ad-
ditionally, if we compare the Nyquist spectra of the MA;Bi, 1y
and FA;3;BiyIy crystals at room temperature, we observed that
the real value of the impedance in the FA3;Biyly crystal is

smaller than that of the MA3Biylg crystal as is the radius in
Nyquist spectra. This can be attributed to the better charge
transport and lesser traps in FA3;Bi,lg crystal [supported by
the space-charge-limited current (SCLC) measurement, dis-
cussed in Fig. 4]. Next, we calculated the activation energies
(E,) from the Arrhenius plots of the try to escape frequencies
(fo) vs 1000/T [n(fy) vs 1000/T1] for both the SCs. The try
to escape frequencies (fy) calculate from the plots of the
complex part of impedance as functions of frequency and
temperature (Fig. S6 in the Supplemental Material) [45]. The
activation energy of 0.26 and 0.54 eV are found for MA;Bi, Iy
SCs at the low- and high-temperature regions, respectively
[Fig. 2(c)] [52,53]. In the case of FA3Biy19SCs, the activation
energy of 0.31 and 0.65 eV are obtained from the low- and
high-temperature regions, respectively [Fig. 2(d)]. Previous
studies suggest that the conductivity in perovskite SCs dom-
inates by ionic conductivity at higher temperatures [28,29].
The ion conduction activation energy in FA;BiyIg is 0.63 eV,
which is greater than that of MA3Bi,I9 SCs. The higher E, and
ion conductivity transition temperature in FA3;Bi,19SCs sug-
gests that ion migration in FA3Bily is lower than MA3;Bi, Iy
SCs. The variation in the ion conductivity transition temper-
ature and E, with cation size and nature can be attributed to
the interaction between the ion and the perovskite lattice. It
is also expected that the rotational dynamics of both the MA
and the FA cations can alter the ion transport in these crystals.
The MA cation assists the ion migration by reorienting its
charge distribution along with the ionic motion, providing a
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FIG. 3. Temperature-dependent conductivity Arrhenius plot of (a) MA;Biyly and (b) FA3;Biy19SCs.

local charge screening mechanism that boosts up the ionic
migration [54]. Although the FA cation has less polar and
less acidic character, and it is a less orientationally mobile
cation. This characteristic of FA reduces the ion migration
in FA3Bi;IoSC. Previous studies by Li er al. showed that
FA;3Bi;I9SC can endure the applied bias voltage up to 555 V
which is almost five times higher than the MA;Biyly SC [28].
The higher ion activation energy in FA3Bi,IoSC also ensures a
comparably low dark current density and less noise under high
external bias. Moreover, a larger value of E, is also beneficial
for the operational stability of the devices.

To further validate the activation energy results from EIS,
we measured the temperature-dependent dark conductivity
for both SCs and plotted in the Nerst-Einstein formalism
Figs. 3(a) and 3(b)]. The activation energies are derived using
the Nerst-Einstein expression,

E,
oT — ao(_kBT>, (1)

where kg is the Boltzmann constant, 7" is the absolute tem-
perature, and oy is a constant [55]. The calculated activation
energy of ions for both crystals is summarized in Table I. The
obtained activation energies are in good agreement with our
EIS findings and other reported values.

The charge-carrier transport parameters, defect densities,
and hysteresis in current-voltage curves are important factors
for the performance optimization of optoelectronic devices.
To investigate the role of cations on defect densities and
charge-carrier transport parameters on the bulk of SCs, we
measured dark /-V with the increasing temperature [Figs. 4(a)

and 4(b)]. A change in slope changes with applied bias was
observed for both SCs. Three distinct regions are marked in
Figs. 4(a) and 4(b). It was observed that when the applied bias
voltage (V) is lower than the kink-point voltage, the current
enhances linearly V (I o V'), which demonstrates an ohmic
response between the electrode and the perovskite SCs. As
V surpasses the kink-point voltage, / shows a fast nonlinear
enhancement (I < V">3) indicating the trap states are filled
by the injected charge carriers. The applied voltage at the kink
point is defined as the trap-filled limit voltage (VgL ) [57-59].
We used the SCLC method to calculate the charge trap density
(Nuap) Tor both crystals.

The defect densities are computed using the given
expression,
2880VTFL

2 2
where ¢ is termed as dielectric constant and L is termed as the
thickness of the crystals. gy is the vacuum permittivity, and
e is the elementary charge (1.6 x 107'° C), respectively [60].
The dielectric constants for MA3Bizly and FA3Bi;I9SCs are
65 and 121, respectively [61]. The FA3Bi;19SCs show a lower
trap density of 6.7 x 10° than 13 x 10° cm™ for MA3BisIo
SCs. These observations suggest that the large size of the FA
cation and its less polar and acidic nature reduce the electronic
traps inside the FA3;Biylg perovskite lattice. The lower trap
density in FA3BiIoSC will be beneficial for charge collection
and reduce carrier trapping and recombination.

The variation of conductivity as a function of temperature
for both the crystals is shown in Fig. S7 of the Supple-
mental Material [45]. The conductivity of both the SCs

Ntrap =

TABLE 1. Calculated values of activation energy from the temperature-dependent IS and conductivity measurement.

Activation energy (Ev)

Single crystals Low temperature High temperature Measurements References
MA;Bi I 0.26 (T < 323 K) 0.54 (T > 323 K) Temperature-dependent EIS This paper
MA;Bix I 0.25 (T < 323 K) 0.52 (T > 323 K) Temperature-dependent conductivity

MA;Bi, ] * 0.46 [56]
FA;Bi ] 0.31 (T < 353 K) 0.66 (T > 353 K) Temperature-dependent EIS this paper
FA;Bi ] 0.29 (T < 353 K) 0.63 (T > 353 K) Temperature-dependent conductivity

FA;Bi 1y * 0.56 [28]
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FIG. 4. Temperature-dependent I-V characteristics for (a) MA3;Bi,lg and (b) FA3;Bi,ISC.

exponentially increases with temperature. The higher ion
conductivity transition temperatures of FA3;BiIoSCs suggest
good thermal stability than the MA;3Biyly crystal. The dark
conductivity of FA3Bi;IoSCs higher than the MA3Biylg SCs
due to the lower electronic traps inside FA3BiyIoSCs. The
dark current density at room temperature (303 K) for both
crystals is shown in Fig. S8 of the Supplemental Material [45].
Both single crystals exhibited similar low dark current densi-
ties of about 107'! A cm™2. However, the FA3;Bi,IySCs show
reduced dark current density, which indicates low dark carrier
concentration than the MA;Bislg SCs. The low dark carrier
concentration, lower trap density, and higher dark conductiv-
ity FA3BiI9SCs is in favor of making a better performance
optoelectronics device than the MA3;Bi;1g SCs.

The evolution of current-voltage hysteresis on temperature
can be explained by the ion migration and charge trapping
inside the SCs. Therefore, the I-V hysteresis was measured
at different temperatures [Figs. 5(a) and 5(b)]. We find that
the ion migration is temperature activated, and it enhances
with increasing temperature. As a result, the I-V hysteresis
for both crystals decreased with an increase in temperature.
Figure 5(c) shows the I-V hysteresis for both crystals mea-
sured at a scan rate of 100 mV/s. As expected, FA;3;Bi;IoSCs
show a lower degree of I-V hysteresis due to higher ion con-
duction activation energy for FA3;Bi[9SCs than MA;Bi,ly
SCs. The defect or ion migration causes hysteresis in these
crystals. The dynamics of the organic cations and those re-

lated to ion/defect migration are essentially coupled. The
MA cation provides the local screening which boosts the
ionic migration. The hysteresis measurements and conductiv-
ity studies show that FA cation improves the better electrical
properties against temperature.

In this paper, we provided the influence of A-site cation
size and its nature on the fundamental ionic and electronic
transport parameters. However, we believe that some more
investigation is required to fully understand the ions transport
character in these Bi-halide SCs. The rate of ion migration
is not clear yet if it is slow and fast in comparison to other
analogs. We used the temperature-dependent measurement to
investigate the ionic activation energy and focused on the
single dominant process. However, depth analysis and more
advanced experiments are required to understand the nonlin-
ear process and multiple transport phenomena. Addressing
these issues will be helpful to understand ionic transport in
more depth.

IV. CONCLUSION

In conclusion, we investigated the influence of A-cation
size and its nature on the ionic and electrical properties
in lead-free A3;BiI9SCs with the organic cation A = MA
(shorter) and FA (bigger) using impedance spectroscopy with
temperature variation. The introduction of a larger cation en-
hances the lattice constant and extends the absorbance region.

(a) 10” (b) 106 (©
— — ~ 1001
104 ~ : 7 )
Z= 10° -
2. 2 5w
= 107y = 10* N = ——MA;3Bi)lg
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FIG. 5. Current-voltage characteristics with the temperature dependence for the (a) MA;3;Bi1y and (b) FA3;Bi;13SC. (¢c) Normalized current

with applied bias voltage presenting the hysteresis in both of crystals.
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Additionally, the acidic and polar nature, rotational dynam-
ics, and H-bond strength of A cation also play a vital role
to determine the ionic and electrical response. The higher
activation energy of FA3;BiyIoSC guarantees the low noise
and lower baseline drift in this crystal-based detector which
would be for the detection performance enhancement. Fur-
thermore, the larger FA cations reduce the trap density and
demonstrate the lower degree of hysteresis in I-V curves.
The less acidic and less polar nature of the FA cation also
plays a vital role to determine the ionic and electrical re-
sponse. This paper provides a fundamental understanding
of the ionic and electrical transport in these lead-free SCs,
which could be beneficial for making better performance
and enhancing the overall stability of these SCs-based de-
tector and device applications. In addition, the suggested

problems in this field will help to make the field more
advance.
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