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ABSTRACT: Throughout a few years, carrier transport studies across HaP single
crystals have gained enormous importance for current generation photovoltaic and
photodetector research with their superior optoelectronic properties compared to
commercially available polycrystalline materials. Utilizing the room-temperature
solution-grown method, we synthesized MAPbBr3 crystals and examined their
electrical transport properties. Although the X-ray diffraction reveals the cubical
nature of the crystals, we have observed anisotropy in the electrical transport
behavior and variation in dielectric constant across the three opposite faces of the
crystals of mm dimensions. The face with a higher dielectric constant depicts
improved parameters from electrical characteristics such as lower trap densities and
higher mobility values. We further explore the origin of its anisotropic nature by
performing X-ray diffraction on three opposite faces of crystals. Our studies define
the specific faces of cuboid-shaped MAPbBr3 crystals for efficient electrical contact
in the fabrication of optoelectronic devices.

■ INTRODUCTION
Lead halide perovskites have been widely used in solar cells
and photodetectors and play a significant role in the
semiconductor industry with 25.7% of power conversion
efficiency.1−6 Polycrystalline halide perovskite materials used in
most optoelectronic applications are generally fabricated by
drop-casting or spin-coating techniques. They possess a high
density of defects, especially at grain boundaries, thus reducing
the performance of carrier mobility across the crystals.7−9 In
that respect, lead halide perovskite single crystals with lower
grain boundaries and carrier recombination have become more
promising in optoelectronic applications, as demonstrated in
recent studies.10 Various methods have been used to synthesize
halide perovskite materials, including the inverse temperature
crystallization method, crystallization by the anti-solvent vapor-
assisted way, and the traditional high-temperature Bridgman
method.11−17 Trap density and carrier mobility are among the
main factors that hinder the efficiency in device applications of
organic halide perovskites. Thus, there is a requirement to
synthesize more straightforward and cost-effective halide
perovskite crystals with lower trap density and high carrier
mobilities. Instead of expensive precursor salts and toxic
solvents, we synthesized MAPbBr3 crystals using N-methyl
formamide (NMF) as a solvent that contributes to
methylammonium ions (MA = CH3NH3

+) at room temper-
ature.18

Structural properties of the crystals, such as crystal plane
orientation and grain boundaries, could play a crucial role in
device performance made of perovskite crystals. For example,
in the case of crystals, the electrical parameters such as trap

density and carrier mobilities alter with various crystal plane
directions, impacting electrical transport performance and
charge carriers’ injection/extraction efficiencies.13,19−25 In
XRD methods, performed on three faces of the crystals, we
have obtained the presence of various crystal plane orientations
on three opposite faces of our synthesized perovskite crystals.
We have explored the electrical characteristics of synthesized
perovskite crystals across their different faces to investigate the
crystal structure effect on electronic transport. In this work, we
have studied how the structural arrangement of perovskite
crystals affects their electrical characteristics across the various
opposite faces, which leads to efficient electrical contact in the
device fabrication. In addition, we have explored the effect of
grain boundaries on the electrical properties by studying the
electrical characteristics across powdered crystals in the pellet
form and comparing them with the electrical properties along
with various opposite faces of the mm dimension MAPbBr3
crystals.

■ EXPERIMENTAL SECTION
Synthesis Methods of MAPbBr3 Single Crystals and

Pellets Made out of Powdered Crystals. A low-temper-
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ature solution-grown synthesis method was used to prepare
MAPbBr3 crystals, and the detailed procedure is discussed in
the previous literature.18 In brief, PbBr2 was dissolved in NMF
containing HBr by sonication and vortexing (Figure S1). It was
then left in the dark for 48 h to obtain the mm dimension bulk
MAPbBr3 crystals.

10

The bulk crystals were powdered using the ball mill method
by grinding the crystals into finite powder of micro−nano
crystal dimensions. Then, an adequate amount of powder was
pressed using a hydraulic press to make the pellet. Finally,
pellets with a diameter of 8 mm were made and kept for
thermal annealing at 200 °C in a vacuum to obtain the
structural stability of the pellet.
Structural Characterization. Previous studies have

examined and reported the structural properties of MAPbBr3
crystals in powder form.10 The XRD analysis of the crystal has
been performed on the different faces of MAPbBr3 crystals
using a Bruker D8 Advance, Cu−K(alpha) X-ray diffractom-
eter with X-rays of wavelength 1.54 Å and analyzed using
Rietveld refinement and peak fittings.
Electrical Measurements:
The electrical measurements across the various faces of the

crystals and pellets were performed using the Keithley source
measurement unit 2636B series with a 0−20 dc applied bias
range. The electrical properties of the crystal faces and the
pellets were performed by coating with the silver metal paste
on opposite surfaces of crystals and pellets (Figure 1). The

current across opposite faces of a crystal was measured with
the applied bias range from 0 V to 20 V. In addition, the
current−voltage characteristics were analyzed following the
space charge limited current (SCLC) method. As a result,
electrical parameters such as trap density and carrier mobilities

were obtained, affecting the device efficiency of the crystals for
optoelectronic applications.
Dielectric Measurements. The dielectric measurements

of MAPbBr3 crystals across various faces and the pellet made
from the powdered crystals were performed by impedance
spectroscopy.26 A silver paint layer was applied on the opposite
faces of crystals, and pellets of MAPbBr3 crystals served as an
electrical contact in dielectric measurements. The voltage at
the probe impedes the dielectric layer across the metal contacts
(Figure 1). Measurements were carried out with an impedance
analyzer (Wayne Kerr Inc. 6500B series of 20 Hz to 10 MHz
frequency range) under both dark and green illumination
[using green light-emitting diode (LED) λ ∼ 560 nm]
conditions.

■ RESULTS AND DISCUSSION
We have illustrated a schematic of MAPbBr3 crystals in a cubic
structure in Figure 2a. The corner atoms represent bromine
ions, and the central green part represents the MA ions.
Optical images of solution-grown MAPbBr3 crystals at our
laboratory with their relative dimensions are shown in Figure
2b. Our analysis has defined a specific MAPbBr3 crystal (Figure
2c) with a side length of 4 mm as face I, 3 mm as face II, and 2
mm as face III.
Dielectric Properties. Our experiments considered cuboid

geometrical shaped MAPbBr3 crystals of different faces with
various surface dimensional areas. The dielectric studies of
MAPbBr3 crystals across opposite faces were performed using
an impedance spectroscopy tool, where resistance and
reactance, known as real and imaginary parts of the impedance,
with applied ac voltages (ranging from 10−500 mV non-
uniformly) were measured. These dielectric measurements
were performed for the crystals across the opposite faces under
dark and green LED illumination conditions (wavelength ∼
560 nm). Intrinsic carrier concentrations consisting of
electrons, holes, and free ions within the crystals under dark
conditions participate in electronic transport.26 Under green
illumination, more photogenerated carriers are incorporated in
electronic transport with various applied biases. Figure 3a−c
represent the Nyquist plot of impedance measurements across
three opposite faces of cuboidal-shaped MAPbBr3 crystals. We
expected near-symmetric dielectric behavior from cubic
crystals along the three opposite surfaces. However, for most
of our synthesized MAPbBr3 crystals (with dimensions
between 2 and 4 mm), we have observed different dielectric
behaviors across various faces of the crystals, which we further
investigated and discussed. Some of the opposite surfaces of
MAPbBr3 crystals showed similar impedance behavior as the

Figure 1. Schematic electrical measurements across the different
opposite faces of the MAPbBr3 crystals and pellets.

Figure 2. (a) Schematic of the cubic MAPbBr3 structure; the central green region represents the MA cation, and the blue dots represent the Br
atoms (b) One of the synthesized MAPbBr3 crystals. (c) Dimension of the specific MAPbBr3 crystal considered in our analysis.
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one we obtained in our earlier studies across the perovskite in
the pellet form (Figure 3d) under various applied ac biases.10

Nyquist plots from our impedance measurements across
various opposite faces of MAPbBr3 crystals depict two semi-
circles represented by two resistance-capacitor (RC) parallel
components in equivalent circuits. The semi-circle at the high-
frequency regime reveals low resistance values for electronic

transport, and ionic transport is represented by the semi-circle
with higher resistance values at the lower frequency regime.
We have designated three opposite faces of one of the
MAPbBr3 crystals in three faces, as represented in Figure 1. For
face I (Figure 3a), low-frequency semi-circles (in the range of
20 Hz to 5.8 kHz) are more prominent, and the change in
applied ac voltages reflects ion accumulation at electronic

Figure 3. Representation of the Nyquist plot of impedance measurements under dark for three different opposite surfaces of MAPbBr3 crystals (a−
c) and in a pellet form (d)10 (Reprinted with permission from ref 10 with license number 5351940481677. Copyright 2022 Elsevier).

Figure 4. Representation of the Nyquist plot of impedance measurements under green illumination conditions for three different opposite surfaces
of MAPbBr3 crystals (a−c) and in pellet form (d)10 (Reprinted with permission from ref 10 with license number 5351940481677. Copyright 2022
Elsevier).
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contact interfaces. It reveals that the ionic transport is more
dominant in face I of MAPbBr3 crystals than electronic
transport. In the second case of face II of the crystals (Figure
3b), semi-circles at higher (in the range of 1.85 kHz to 10
MHz) and lower frequency regimes (in the range of 20 Hz to
1.85 kHz) are distinct. They represent electronic and ionic
transport contributions across the opposite faces of crystals.
Only a dominant semi-circle at a high-frequency regime (in the
range of 3.58 kHz to 10 MHz) was obtained for face III,
compared to the ionic contribution at low frequency (Figure
3c), concluding efficient electronic transport across the
opposite faces of the crystals. We also observed a reduction
of calculated peak resistance (8−10 MΩ) for face III with
various ac applied voltages compared to (10−12 MΩ) face II
and 16 MΩ in face I.
Nyquist plot for the pellets of MAPbBr3 in the form of pellet

is represented in Figure 3d (Reprinted with permission from

ref 10 with license number 5351940481677. Copyright 2022
Elsevier) with various ac applied voltages.10 Even though the
two semi-circles were distinct, ionic transport is dominated in
the low-frequency regime (in the range of 20 Hz to 4.98
kHz).26 Thus, our experimental observations support the
altered dielectric behavior of synthesized MAPbBr3 crystals
when measured across various opposite faces and the pellet
form of the powdered crystals.27

Upon green illuminations, face I depicts a saturation of ionic
carrier transport at a low-frequency regime (range of 20 Hz to
59 Hz), showing a straight line at 45°, representing the
“Warburg element” in the equivalent circuit (Figure 4a).27 We
have discussed the origin of the “Warburg element” and its
physical significance in the next section. The semi-circle at the
high-frequency regime follows the low-frequency “Warburg
element.” Across face II, a single semi-circle in Nyquist plots
represents nothing but a single RC circuit and a combined

Figure 5. Impedance spectra of the equivalent electrical circuit and the corresponding experimental data obtained under dark and green
illumination conditions with a 50 mV AC bias.
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electronic and ionic transport contribution. For face III of
MAPbBr3 crystals under green illumination, high-frequency (in
the range of 3.58 kHz to 10 MHz) semi-circle and low-
frequency (20 Hz to 2.58 kHz) Warburg elements were
obtained where the electron transport was more dominative
under dark conditions. In the case of the pellets, the Nyquist
plots for the various ac applied voltages were indistinct and
formed into a single semi-circle. We conclude from the above
observations that the variation in the observed dielectric
phenomenon under illumination could originate from trap-
filled ionic transport’s domination over electronic transport.
Equivalent Electrical Circuit Analysis. We have

performed equivalent circuit modeling for individual Nyquist
plots obtained under dark and illumination conditions to reveal
insights into the asymmetrical dielectric phenomenon of
synthesized MAPbBr3 crystals across their various opposite
faces (Figure 5). Since two semi-circles at high frequency
(range Hz to 1 kHz) and low frequency (range 10 kHz to
MHz) were distinct under dark condition impedance measure-
ments across the opposite faces of crystals and their pellet
forms, we have developed the equivalent circuit with two
parallel RC circuits. In addition, we have incorporated series
resistances in the circuit to represent contact and recombina-
tion processes (Figure S2) within crystals. At a low-frequency
regime, in the RC circuits for all the opposite faces and pellets,
the capacitor was replaced by a constant phase element to fit
the circuit with the experimental results better. Under green
illumination conditions, the electrical equivalent circuits are
different across the three faces of the crystals. Each unique
behavior was noted across identical faces of various examined
crystals (Figure S4). The variation in the equivalent circuit
parameters across the faces of MAPbBr3 crystals and the pellets
is summarized in Tables S1−S4. Here, we have observed that
the dielectric behavior is different for the various opposite faces
of MAPbBr3 crystals, which is also separate from the dielectric
nature of the pellets in the powdered form. Furthermore, the
dielectric nature of the crystals also varies under illumination
due to photogenerated charge carriers. To understand the
origin of the change in dielectric behavior across various faces,
we have also performed electrical measurements across the
opposite faces of multiple faces and powdered pellets.
Electrical Properties. To investigate the asymmetrical

dielectric behavior across various faces present in the MAPbBr3
crystals, we have examined the electrical transport properties
by measuring current with an applied dc bias across the three
opposite faces of multiple crystals under dark and green
illumination conditions. Under green illumination conditions,
we could observe an increase in current (in the range of μA)
across the opposite faces of the crystal (Figure 6) due to
photocarrier generation. Furthermore, the measured current
values under dark and illumination conditions were higher
across the crystal’s face III than in the remaining two.
Under the dark conditions, I−V across the opposite faces of

the crystals and in pellet form depicted two major regimes due
to the limitation of dominant carriers across the various faces
of MAPbBr3 crystals (Figure S5). As a result, the ohmic regime
is separated from the non-linear current increment regime and
saturated at higher applied biases. Considering the SCLC
technique, we analyzed the I−V of MAPbBr3 crystals across
various faces and powdered pellets to find the parameters from
electrical characterization, such as trap density and carrier
mobility using the trap-filled limit voltage (VTFL) equation

=n
V

L
2

t
TFL 0 r

2 (1)

In eq 1, E0 is the vacuum permittivity, Er is the relative
dielectric constant, and L is the crystal thickness (thickness
between opposite faces).28,29 The trap densities of MAPbBr3
crystals across various opposite surfaces were obtained and are
listed in Table 1. The charge carrier mobility in the MAPbBr3
crystal along different face directions was obtained by fitting I−
V graphs at higher biases with the Mott−Gurney law in the
Child regime.28 The carrier mobility, along with varying face
directions within MAPbBr3 crystals of various surface areas and
pellets, was obtained using the equation

=J
V

L
9

8d
r 0

2

3 (2)

Here, Jd is the current density, and μ is the mobility of the
charge carriers.
We have observed that even face III of the crystal, having a

lower electrical contact area and being comparatively larger in
thickness, has improved electrical parameter values by an order
of magnitude in the calculated electrical mobility and trap
density values with lower hysteresis. Furthermore, the
dominant electronic transport from impedance spectroscopy
studies supports crystal face III’s obtained electrical mobility.
These discrepancies in the case of electronic and dielectric

properties across various faces of the synthesized MAPbBr3
crystals are due to structural defects, and these could be due to
multiple types of defects. For example, density functional
theories have been performed on various halide perovskite
crystals to understand defects such as Frenkel defects due to
the absence of Pb2+, I−, or MA+ vacancies, and Schottky pair
defects are due to PbBr2 or MAI defects that do not generate
trap states.30−32 Since the current reaches the saturation
domain for the more significant path along face III,
contradicting the I−V nature across the crystals, we further
investigated the correlations between electron transport and
structural characterization across the various faces of our
synthesized MAPbBr3 crystals.
Structural Characterization. As reported in previous

studies, we have studied the structural characterization of the
synthesized MAPbBr3 crystals utilizing the powdered X-ray
diffraction technique.10 The diffraction peaks (011), (010),
(020), (021), (121), (022), (122), (030), and (031)
correspond to the cubic phase of MAPbBr3 crystals and
confirm the presence of all the elements of MAPbBr3 crystals.

33

In this study, we examined X-ray diffraction of our synthesized
mm-dimension MAPbBr3 crystals on various faces, utilizing a

Figure 6. Current−voltage characteristics across the three faces of
MAPbBr3 crystals. The numerical numbers represent the opposite
faces defined in Figure 1.
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3D printed adapter on the sample holder of the X-ray
diffractometer (Figure 7). We confirmed the presence of the

elements with the peak positions at (100), (200), and (310)
planes. Surprisingly, the intensity of the (310) plane varies
prominently with the various faces of the crystal, which depict
a structural alteration across different faces of synthesized
MAPbBr3 crystals.
The presence of the (310) plane across the specific crystal

faces (in faces I and II) indicates the unparallel plane that
strays the crystals’ single-crystalline nature; furthermore, we
observe a reduction in the intensity of the (310) plane from
face I to face III. The splitting in the planes is due to a phase
transition, which was reported as a transition from the cubical
nature of the crystals to the tetragonal shape.34 For face I, the
splitting confirms crystal symmetry changes across the various
faces. As a result, the synthesized crystals contain cubic and
tetragonal phases depending on opposite face directions.
Moreover, the (310) plane that is unparallel to the (100) and
(200) planes develops grain boundaries across the opposite
face I and face II directions, which hinders the directional
electronic transport contribution in the presence of trap
densities and carriers’ recombination at grain boundaries.35

On the other hand, the much low-intensity peak of the
(310) plane across face III supports a nearly single-crystalline
nature, enhancing the electronic transport contributions across
the opposite faces of the MAPbBr3 crystals.

21

Under dark conditions, we have observed that electron
transport dominates the ionic contribution across faces II and
III of MAPbBr3 crystals (Figure 3b,c). In contrast, the ion
transport dominates at a lower frequency regime (20 Hz to 10
kHz) across face I of MAPbBr3 crystals, having a smaller
distance between two opposite faces (2 mm in Figure 3a). In
addition, we have analyzed the dielectric properties of the
crystals using equivalent circuit modeling and observed that
because of more negligible recombination resistance and
capacitance at a low-frequency regime, the trap densities across
face III are low, thus enhancing the carrier mobilities.
Under the green illumination conditions, we have observed

that the finite Warburg element is present at the higher

frequency regime for face I. Due to the diffusion of
photogenerated carriers’ current, the ionic contribution is
limited, and the dominant transport is under dark conditions.
Similarly, in the case of face III at a lower frequency regime, we
could observe the Warburg element (mentioned in the earlier
section), representing the limitation of electronic transport at
that regime due to diffusion of the dominant photogenerated
carriers (Figure 4c). Since the unparallel (310) plane is less
intense across face III, which resembles single-crystalline
nature, we have observed electrical carrier dominance. This
is also confirmed by the I−V behavior of the crystals across
various plane orientations. Due to the dominant electronic
transport across the low intense peak of the unparallel (310)
plane, there is an improvement in the electrical parameters
such as trap density and carrier mobilities (Table S4).
Similarly, for the higher width of the dielectric layer across
face III under illumination conditions, the Warburg element is
present at a higher frequency regime since generated
photocarriers limit the carrier transport, thus enhancing the
ionic contribution across the crystals. In the case of the
moderate thickness of the dielectric layer, there is the
contribution of electron transport and the ionic ones; thus,
there is no limitation on carrier transport or ionic motion
under illumination conditions due to the generated photo
carriers .
MAPbBr3 in pellets contains many grain boundaries,

enhancing charge carrier trap densities by an order of
magnitude compared to the MAPbBr3 single crystals, which
reduced carrier mobilities even with lower dielectric layer
thickness. Thus, the required parameters, such as lower trap
density and higher carrier mobility, are obtained in the case of
single crystals compared to the pellet form of the powdered
crystals. Due to the more ion excitation under illumination, the
resistance has gained a higher value (10−40 MΩ) across the
single crystal compared to the pellet form of the powdered
crystals. Thus, under illumination conditions, we could observe
more ionic contribution of the elements due to the
photogenerated carriers.36 (Figures 3d,104d10 (Reprinted
with permission from ref 10 with license number
5351940481677. Copyright 2022 Elsevier)).
From the equivalent model analysis, we could find out the

elements present in the system. Under dark conditions, since
there is no limit to any photogenerated carriers or ionic
mobility, the circuit takes the form of two parallel RC circuits
(Figure S2) in which the values of capacitance and resistance
are varied with different plane orientations at higher and lower
frequency regimes due to the dominant transport carriers
according to the various faces listed in Table1. Under
illumination conditions, since a limiting factor plays a role
based on the dominant transport across multiple faces of the
crystals, the equivalent circuits found are different for various
plane orientations across the crystal (Figure S3). The
corresponding parameters are given in Tables S2−S4.

Table 1. Trap Density and Mobilities of MAPbBr3 Crystals and Powdered Form of Pellets from eq 1 and 2 with Structural
Dimensions

surface area (mm2) thickness (mm) dielectric constant trap density (cm3) mobility (cm2 V−1 S−1)

face I 12 2 78.2 1.61 × 109 40.6
face II 8 3 88.3 5.65 × 109 33.42
face III 6 4 112.9 6.54 × 108 225.01
powdered pellet 53.42 1.01 61 4.96 × 1010 31.7

Figure 7. XRD spectra of MAPbBr3 crystals across the three opposite
faces.
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■ CONCLUSIONS
In conclusion, we have observed the asymmetric nature of the
dielectric behavior across the various faces of the crystals,
which affects the electrical nature of the crystals across them.
These asymmetric behaviors in the dielectric nature across
different plane orientations of the crystals could originate from
the dissimilar structural arrangement. The crystals contain
cubical and tetragonal characteristics. It could be derived from
impurities developed during the synthesis process. Thus, in
device fabrication, one can understand the efficacy by
understanding the origin of the asymmetric nature. The device
performance can improve even with various plane orientations.
We also compared the electrical properties of MAPbBr3 single
crystals across three faces of different surface dimensional areas
and the pellet form of the powdered crystals. We have
observed that single crystals have lower trap density and higher
carrier mobility than the powdered crystals’ pellet form, which
is efficient for optoelectronic applications due to the lack of
grain boundaries. We have also found much improvement in
the electrical parameters across one crystal plane orientation of
the crystals justified with impedance analysis. Due to the less
ionic contribution at a lower frequency regime across the single
crystals, the face, which has a less intense peak of an un-parallel
(310) plane in the XRD pattern and is responsible for high
carrier mobility, lower trap densities, and high dielectric
constant values since it has fewer impurities across it, would
thus be more suitable in device performance such as solar cells
and photodetectors for efficient electrical contact.
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(20) Wang, Y.; Lü, X.; Yang, W.; Wen, T.; Yang, L.; Ren, X.; Wang,
L.; Lin, Z.; Zhao, Y. Pressure-Induced Phase Transformation,
Reversible Amorphization, and Anomalous Visible Light Response
in Organolead Bromide Perovskite. J. Am. Chem. Soc. 2015, 137,
11144−11149.
(21) Chen, L.-C.; Lee, K.-L.; Lin, S.-E.Observation of Hybrid
MAPbBr3 Perovskite Bulk Crystals Grown by Repeated Crystal-
lizations. Crystals2018, 8(). DOI: 10.3390/cryst8070260.
(22) Zuo, Z.; Ding, J.; Zhao, Y.; Du, S.; Li, Y.; Zhan, X.; Cui, H.
Enhanced Optoelectronic Performance on the (110) Lattice Plane of
an MAPbBr3 Single Crystal. J. Phys. Chem. Lett. 2017, 8, 684−689.
(23) Lee, J.-W.; Seo, S.; Nandi, P.; Jung, H. S.; Park, N.-G.; Shin, H.
Dynamic Structural Property of Organic-Inorganic Metal Halide
Perovskite. iScience 2021, 24, 101959.
(24) Cheng, X.; Jing, L.; Zhao, Y.; Du, S.; Ding, J.; Zhou, T. Crystal
Orientation-Dependent Optoelectronic Properties of MAPbCl3
Single Crystals. J. Mater. Chem. C 2018, 6, 1579−1586.
(25) Cho, Y.; Jung, H. R.; Kim, Y. S.; Kim, Y.; Park, J.; Yoon, S.; Lee,
Y.; Cheon, M.; Jeong, S.; Jo, W. High Speed Growth of MAPbBr3
Single Crystals via Low-Temperature Inverting Solubility: Enhance-
ment of Mobility and Trap Density for Photodetector Applications.
Nanoscale 2021, 13, 8275−8282.
(26) Contreras-Bernal, L.; Ramos-Terrón, S.; Riquelme, A.; Boix, P.
P.; Idígoras, J.; Mora-Seró, I.; Anta, J. A. Impedance Analysis of
Perovskite Solar Cells: A Case Study. J. Mater. Chem. A 2019, 7,
12191−12200.
(27) Romero, B.; del Pozo, G.; Arredondo Conchillo, B.; Martín-
Martín, D.; Hernández-Balaguera, E.; López-González, M. d.
C.Characterization of organic and perovskite solar cells by impedance
spectroscopy. 2019; 11095, 110950N. DOI: 10.1117/12.2530568.
(28) Fru, J. N.; Nombona, N.; Diale, M. Characterization of Thin
MAPb(I1-xBrx)3 Alloy Halide Perovskite Films Prepared by
Sequential Physical Vapor Deposition. Front. Energy Res. 2021, 9, 196.
(29) Dacuña, J.; Salleo, A. Modeling Space-Charge-Limited Currents
in Organic Semiconductors: Extracting Trap Density and Mobility.
Phys. Rev. B: Condens. Matter Mater. Phys. 2011, 84, 195209.
(30) Parikh, N.; Pandey, M.; Prochowicz, D.; Kalam, A.; Tavakoli,
M. M.; Satapathi, S.; Akin, S.; Yadav, P. Investigation on the Facet-
Dependent Anisotropy in Halide Perovskite Single Crystals. J. Phys.
Chem. C 2022, 126, 8906−8912.

(31) Kim, D.; Yun, J.-H.; Lyu, M.; Kim, J.; Lim, S.; Yun, J. S.; Wang,
L.; Seidel, J. Probing Facet-Dependent Surface Defects in MAPbI3
Perovskite Single Crystals. J. Phys. Chem. C 2019, 123, 14144−14151.
(32) Ono, L. K.; Liu, S.; Qi, Y. Reducing Detrimental Defects for
High-Performance Metal Halide Perovskite Solar Cells. Angew. Chem.,
Int. Ed. 2020, 59, 6676−6698.
(33) Tress, W. Metal Halide Perovskites as Mixed Electronic-Ionic
Conductors: Challenges and Opportunities-From Hysteresis to
Memristivity. J. Phys. Chem. Lett. 2017, 8, 3106−3114.
(34) Mashiyama, H.; Kawamura, Y.; Magome, E.; Kubota, Y.
Displacive Character of the Cubic-Tetragonal Transition in
CH3NH3PbX3. J. Korean Phys. Soc. 2003, 42, S1026−S1029.
(35) Lian, Z.; Yan, Q.; Gao, T.; Ding, J.; Lv, Q.; Ning, C.; Li, Q.;
Sun, J. Perovskite CH3NH3PbI3(Cl) Single Crystals: Rapid Solution
Growth, Unparalleled Crystalline Quality, and Low Trap Density
toward 108 cm-3. J. Am. Chem. Soc. 2016, 138, 9409−9412.
(36) Smith, E. C.; Ellis, C. L. C.; Javaid, H.; Renna, L. A.; Liu, Y.;
Russell, T. P.; Bag, M.; Venkataraman, D. Interplay between Ion
Transport, Applied Bias, and Degradation under Illumination in
Hybrid Perovskite p-i-n Devices. J. Phys. Chem. C 2018, 122, 13986−
13994.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04681
ACS Omega 2022, 7, 42138−42145

42145

https://doi.org/10.1021/acs.chemmater.0c02269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c02269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/en13164250
https://doi.org/10.3390/en13164250
https://doi.org/10.3390/en13164250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CE01691C
https://doi.org/10.1002/adma.202006010
https://doi.org/10.1002/adma.202006010
https://doi.org/10.1007/s40843-017-9039-8
https://doi.org/10.1007/s40843-017-9039-8
https://doi.org/10.1021/acsenergylett.6b00521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep35685
https://doi.org/10.1038/srep35685
https://doi.org/10.1038/srep35685
https://doi.org/10.1021/jacs.5b06346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/cryst8070260
https://doi.org/10.3390/cryst8070260
https://doi.org/10.3390/cryst8070260
https://doi.org/10.3390/cryst8070260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b02812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b02812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.isci.2020.101959
https://doi.org/10.1016/j.isci.2020.101959
https://doi.org/10.1039/C7TC05156E
https://doi.org/10.1039/C7TC05156E
https://doi.org/10.1039/C7TC05156E
https://doi.org/10.1039/D1NR01600H
https://doi.org/10.1039/D1NR01600H
https://doi.org/10.1039/D1NR01600H
https://doi.org/10.1039/C9TA02808K
https://doi.org/10.1039/C9TA02808K
https://doi.org/10.1117/12.2530568
https://doi.org/10.1117/12.2530568
https://doi.org/10.1117/12.2530568?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fenrg.2021.667323
https://doi.org/10.3389/fenrg.2021.667323
https://doi.org/10.3389/fenrg.2021.667323
https://doi.org/10.1103/PhysRevB.84.195209
https://doi.org/10.1103/PhysRevB.84.195209
https://doi.org/10.1021/acs.jpcc.2c01743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.2c01743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b00943?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b00943?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201905521
https://doi.org/10.1002/anie.201905521
https://doi.org/10.1021/acs.jpclett.7b00975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00975?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b01121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b01121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b01121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

