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Inherent Lattice Distortion Engineering via Magnetic Field
for High-Quality Strained MAPbI; Perovskite Single Crystals

Abdulazeez M. Ogunleye, Hakseon Lee, Adeshina Mohammad Awwal, GunWoo Kim,

Hyunmin Kim, Yoonmi Choi,* and Jonghoo Park*

Lattice distortion in perovskites (AMX;) significantly impacts their stability and
power conversion efficiency, often in a trade-off. The inherent lattice distortion
is predominantly influenced by the size, orientation, and composition of

the A-site cations. Notably, organic—inorganic hybrid lead halide perovskites
with organic cations like methylammonium (MA) and formamidinium

(FA) demonstrate high power conversion efficiency but compromised stability.
Here, a novel synthesis method is presented for high-quality strained MAPbI,
single crystals that offers not only enhanced optoelectronic properties but also
improved thermal stability. This technique leverages the paramagnetic nature
of the MA* ion to manipulate lattice distortion. During the inverse temperature
crystallization process, the dipole moment of the MA™ ion aligns with the
direction of the external magnetic field. Correlating Fourier-transform infrared
spectroscopy (FTIR) and X-ray diffraction (XRD) analysis demonstrates that this
alignment, which induces compressive lattice strain, significantly enhances
the carrier mobility from 68.1 to 487 cm? V s, representing a sevenfold
increase in hole mobility compared to the control sample. Additionally, it
increases the carrier lifetime by 123%, from 23.458 to 52.364 ns, and improves
thermal stability up to 230 °C. This findings reveal insights into the interplay

1. Introduction

In recent years, lead halide perovskites
have emerged as highly promising ma-
terials for a wide range of applications,
particularly in the field of photovoltaics,
due to their exceptional optoelectronic
properties.!3]  These materials, with
their generic formula AMX,, offer a
high degree of compositional versa-
tility, enabling significant tuning of
material properties. However, this struc-
tural flexibility also poses challenges,
particularly in terms of stability and effi-
ciency of perovskite-based devices. The
performance of lead halide perovskite
materials is profoundly influenced by
the choice of A-site cation.l®’! Inorganic
cations like cesium (Cs) have shown
promise, but the integration of organic
cations such as MA and FA represents
a significant breakthrough.®! These

between structural modifications and electronic properties, paving the way
for tailored applications in photovoltaics, light-emitting devices, and beyond.
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organic-inorganic hybrid perovskites
have demonstrated the ability to enhance
the power conversion efficiency (PCE) of
solar cells, rivaling or even surpassing
the efficiency of other thin-film solar
technologies. However, their inherent
instability under environmental stresses like humidity, temper-
ature, and light exposure remains a significant challenge. The
stability and efficiency of perovskite materials are strongly de-
pendent on their crystallographic structure, with lattice distor-
tion playing a critical role.['®!!] Various factors, such as the size,
orientation, and chemical composition of the cations at the A-
site of the perovskite lattice, can influence lattice distortion.[12-15]
In addressing the challenges faced by organic-inorganic hy-
brid perovskites, researchers have turned their attention to con-
trolling lattice distortions as a means to enhance both stabil-
ity and efficiency. A wide range of techniques have emerged
for distorting the octahedral structure, such as doping with
other A-site cations,['®!7] applying external pressure,['8-2% explor-
ing temperature effects,™® and manipulating strain and lattice
mismatch.[1*2%] Specifically, in methylammonium lead iodide
(MAPDI;) perovskites, the orientation of the MA* ion and its
electric dipole moment creates a force field within the material,
causing inherent distortion in the inorganic Pbl; frame.(>212]
The impact of lattice distortion extends beyond structural mod-
ifications; it also plays a pivotal role in influencing the charge
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carrier dynamics of perovskite single crystals. By altering the elec-
tronic band structure?*] and affecting the magnetic behavior of
these materials, lattice distortion significantly shapes their over-
all properties.[2>2]

In this study, we introduce a novel synthesis method for high-
quality strained MAPDI; single crystals that not only enhances
their optoelectronic properties but also improves stability. Our
method involves engineering lattice distortion by leveraging the
paramagnetic nature of the MA* ion. During the inverse tem-
perature crystallization (ITC) process, the magnetic dipole mo-
ment of the MA* ion aligns with the external magnetic field,
inducing controlled lattice distortion. ITC is a widely used tech-
nique for growing high-quality perovskite single crystals by de-
creasing the solubility of the precursor solution as temperature
increases.[?-2] Tt produces high-purity crystals with controlled
size and shape, ideal for optoelectronics and materials research.
To evaluate the effectiveness of our approach, we conducted X-
ray Crystallography (XRC), XRD, and FTIR analyses. Through
these analyses, we demonstrated that the alignment of MA*
ions impacts the lattice structure, inducing compressive strain.
This structural modification, in turn, resulted in significantly im-
proved optoelectronic properties and enhanced thermal stabil-
ity. Specifically, we observed a remarkable sevenfold increase in
hole mobility compared to the control sample, reaching a value of
487 cm? V 57!, indicating improved charge transport. Addition-
ally, we noted a 123% increase in carrier lifetime compared to
crystals synthesized using the conventional ITC process, suggest-
ing a reduction in recombination losses. Moreover, our method
significantly improved the thermal stability of the crystals, allow-
ing them to withstand temperatures up to 230 °C. The enhanced
charge transport, reduced recombination losses, and high ther-
mal stability in the strained perovskite single crystals can lead
to significant improvements in efficiency and stability of various
optoelectronic devices, including solar cells, LEDs, and photode-
tectors.

2. Results and Discussion

Our in-depth investigation into the paramagnetic properties of
the MA* ion was conducted using Gaussian DFT computations.
We began by constructing a highly optimized molecular struc-
ture for the ion, providing a solid basis for our study. We de-
liberately select the B3LYP hybrid functional as our preferred
exchange-correlation method, known for its accurate treatment
of electron correlation and spin polarization, ensuring the reli-
ability of our results. Utilizing spin-unrestricted calculations in
our DFT software allowed us to model systems with unpaired
electrons. These electrons, categorized as alpha (up) and beta
(down) spin, occupy distinct spatial orbitals characterized by vary-
ing energies. In the context of a paramagnetic molecule host-
ing a lone unpaired electron, the resulting multiplicity manifests
as a doublet, described by the equation Multiplicity = 2S + 1,
where S represents the total spin number. Advancing through
our computational analysis, we conclude our investigation by vi-
sually representing our findings using Gaussian as an external vi-
sualization tool. This representation elegantly illustrates the pres-
ence of the unpaired electron within the LUMO (0.084218 eV)
of the ion, effectively exemplified in Figure S1 (Supporting
Information).
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The formation of MAPDI; from solid MAI and Pbl, can be
represented by the chemical equation:

Dissociation of reactants : MAI - MA* + 1~ (1)
Pbl, — Pb** + 21" (2)
Formation of lead iodide complex : Pb*" + 21~ — Pbl, (3)
PbI, + I~ — PbI; )

Formation of the perovskite structure : MA* + PbI; — MAPDI; (5)

Overall reaction : MAI + Pbl, — MA™ + 31" + Pb** —

MA* + PbI; — MAPDI, (6)

During this reaction, the MA* cation combines with the PbI;
anion,'%3% resulting in the creation of a 3D perovskite lattice
structure. The Pb?** cations occupy the octahedral sites formed
by six iodide (I7) anions, while the MA™* cations occupy the larger
cuboctahedra sites within the lattice. This forms a 3D network of
corner-sharing Pbl, octahedral. This arrangement gives rise to
the crystal structure of MAPDI,, characterized by alternating lay-
ers of organic and inorganic components. By introducing a mag-
netic field during the synthesis process, an intriguing transfor-
mation occurs. The paramagnetic nature of the MA* ions causes
them to align with the direction of the magnetic field, as shown
in Figure 1a. Figure 1D illustrates the crystalline structure of
the MAPDI, perovskite, the final product of the magnetic field-
assisted ITC process. Within the Pbl; octahedral framework,
MAT cations are interspersed, occupying interstitial sites and bal-
ancing the overall charge of the crystal. This precise arrange-
ment ensures a well-ordered structure, contributing to the supe-
rior quality and performance of the MAPDI, perovskite. Figure 2a
displays the XRD patterns of MAPDI, single crystals, obtained us-
ing single crystal XRC rather than the conventional powder XRD.
This technique provides precise information about atomic posi-
tions, bond angles, and distances, facilitating a detailed quanti-
tative analysis of octahedral bond lengths and tilting distortions.
Consequently, it allows for an accurate evaluation of lattice dis-
tortions and compressive strain, as depicted in Figure 2. The X-
ray diffraction (XRD) patterns reveal a prominent 110 peak, con-
firming the tetragonal phase in all the MAPbI, crystals.l’! Inter-
estingly, this peak position shifts systematically with increasing
magnetic field strength. Specifically, the 110 peak occurs at 26 =
14.178° for the 0 T sample, shifting to 20 = 14.180 and 14.186°
for the 130 and 250 mT samples, respectively, as shown in the
high-resolution XRD data in Figure S2a (Supporting Informa-
tion). Similar trends are observed for other characteristic XRD
peaks. The 220 peak shifts from 26 ~ 28.579° at 0 T to 28.585
and 28.595° at 130 and 250 mT, respectively (Figure S2b, Sup-
porting Information). Likewise, the 310 peak position changes
from 260 =~ 32.037° at 0 T to 32.044 and 32.056° at 130 and 250
mT (Figure S2c, Supporting Information). According to Bragg’s
law, the positions of diffraction peaks in an XRD pattern are de-
termined by the interplanar spacing (d) and the angle of diffrac-
tion (), related by the equation 2d sin (0) = n4, where 4 is the
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Figure 1. a) Graphical representation illustrating the alignment of the MA* ion during magnetic field-assisted ITC. b) Crystal structure displaying the
tetragonal phases of MAPbI; single crystals obtained via magnetic field-assisted ITC.

X-ray wavelength and n is an integer. As shown in Table S1 (Sup-
porting Information), the interplanar spacing (d) decreases as the
magnetic field increases. This reduction in d-value results in a
shift of the diffraction peaks to higher angles (). The shift of
XRD peaks to higher angles under magnetic fields directly re-
flects the magnetic field-induced compressive strain on the crys-
tal lattice and the corresponding decrease in interplanar spacing
within the MAPbI; samples. Compressive strains of ~0.0215%
and 0.0555% are induced in the 130 and 250 mT crystals, re-
spectively. The observed XRD peak shifts are attributed to com-
pressive strain rather than a phase transition, as there are no
changes in the space group due to the applied magnetic field,
as shown in Table S5 (Supporting Information). Additionally,
to precisely quantify the degree of distortion, we measured the
Pb—I bond lengths and the I-Pb—I bond angles within the per-
ovskite unit cell under varying magnetic field strengths using
the single crystal XRD. For this purpose, we employed the dis-
tance distortion parameter (¢), which provides a quantitative as-
sessment of the deviation of the octahedral bond lengths from
their ideal values. This parameter allowed us to accurately eval-

uate the octahedral tilting distortions. We also calculated the tilt-
ing distortion parameter (A), which reflects the octahedral tilt of
perovskites, and the I—I—I angle distortion index,*#?] which in-
dicates the average deviation of the I—I—I bond angles from the
ideal angle of 90°. These parameters.**** can be calculated as
follows

6
e= ) |di— () (7)
i=1

1w (=)
=22 (%) ®

o (A6, + A6, + AD,)
[ — I —I angle distortion index = " 9)

where d; and <d> represent the individual Pb—1I interatomic dis-
tances and the average interatomic distance, respectively. Simi-
larly, AB,, AG,, and Af, denote the deviations of the I-I—I angles
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Figure 2. a) Single crystal X-ray diffraction (XRD) pattern of MAPbI; crystals grown with and without a magnetic field, simulated from single crystal
X-ray crystallography (XRC). b) Bar chart showing the tilting distortion parameter (blue) and the I—I—I angle distortion index (orange) for MAPbI; single
crystals grown at 0 T, 130 and 250 mT c) Key influenced geometric parameters of the MAPbI; crystals.
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Figure 3. a) Temperature dependent XRD pattern of the magnetic field-assisted and control MAPbl; SCs. Enlarge XRD pattern at b) 12.0 to 14.5° ¢) 27.0

to 32.0° d) 38.0 to 41.0°.

from their ideal value of 90° for the three distinct iodine atoms
within the crystal lattice.

Figure 2b,c illustrates the influence of magnetic field on
the octahedral distortion parameter (ODP) and the I—I—I an-
gle distortion index for MAPbDI, single crystals. Our analysis re-
veals a strong correlation, where increasing the magnetic field
leads to a higher ODP, indicating greater structural distortion
within the crystal lattice. This, in turn, resulted in a lower de-
gree of angular distortion between iodine atoms, further con-
firming the role of the magnetic field in modulating the lat-
tice dynamics and inducing distortion within the MAPbI, crystal
structure. This magnetic field-driven modulation of the crystal
structure has important implications for optimizing the prop-
erties and functionality of MAPDI, for various optoelectronic
applications.[3>3¢]

The thermal stability of MAPbI, crystals grown with and with-
outa magnetic field was studied using temperature-dependent X-
ray diffraction (XRD). The XRD patterns of the perovskite single
crystals at various temperatures (ranging from 50 to 230 °C) were
analyzed as shown in Figure 3a. For the temperature up to 140 °C,
all crystal samples showed distinct peaks at 26 angles of 14.09,
19.96, 23.48, 24.47, 28.42, 31.77, 34.99, 40.43, 43.07, and 50.20°.
These peaks corresponded to specific crystallographic planes,
namely (110), (112), (211), (202), (220), (222), (312), (224), (314),
and (404), confirming the presence of the MAPbDI; tetragonal

Adv. Mater. Interfaces 2025, 12, 2400781 2400781 (4 of 7)

phase, consistent with earlier studies.[?”3%] However, in the con-
trol crystals (0 T), at 170 °C, an impurity phase of Pbl, (001), in-
dicating thermal degradation, was detected with peaks observed
at 12.6 and 39.2°. In contrast, the magnetic field-assisted crys-
tals show no impurity phase at 12.6° and a weaker peak of 39.2°
at 170 °C. At 230 °C, a stronger impurity phase of Pbl, was de-
tected at 12.6 and 39.2° in the control crystals, while the magnetic
field-assisted crystals exhibited a weaker intensity of these impu-
rity peaks as shown in Figure 3b,c. Furthermore, the character-
istic perovskite peaks at 14.1, 28.3, and 40.43° completely disap-
peared in the control crystals at 230 °C, while the magnetic field-
assisted crystals retained their characteristic perovskite peaks, as
shown in Figure 3b—d. The XRD analysis of the control crystal re-
vealed a shift in the diffraction peak of PbI, (110) plane toward a
lower angle as the temperature increased, indicating an increase
in interatomic spacing and broader plane space. This change in
spacing suggests potential decomposition of the crystals, making
them less stable at higher temperatures. These findings demon-
strate that the magnetic field-assisted crystals exhibit higher ther-
mal stability and resistance to degradation compared to the con-
trol crystals, which experienced changes in their crystal structure
at elevated temperatures. The incorporation of a magnetic field
during crystal growth has proven beneficial in preserving the in-
tegrity of the perovskite crystal structure under high-temperature
conditions. This enhanced thermal stability holds great promise
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Figure 4. a) FT-IR spectra of the magnetic field-assisted and control MAPbI; SCs. b) UV-vis absorption spectra, the inset is bandgap calculation with a

Tauc plot.

for advancing the applications of perovskite materials in various
fields.

Figure 4a shows a comparison of the FTIR spectra of the
magnetic field-assisted crystals (250 mT) and control crystals
(0 T). The FTIR spectrum offers valuable information about
the chemical components and the octahedral stretching present
in the magnetic-assisted crystals. In the magnetic field-assisted
crystal, a stronger IR vibrational mode appears at 482 cm™.
This mode corresponds to the stretching vibration of the metal—
oxygen (M—O) bond, specifically the Pb—I bonds in this case.[*]
The observation confirms that the magnetic field induces strain
on the crystal, leading to alterations in the Pb—I bonding.[*] At
901 cm™, the IR vibrational mode corresponds to the CH;-NH, *
rocking vibration of the magnetic field-assisted MAPDI;, while
a similar vibration is observed at 897 cm™ for the control crys-
tal. This suggests that the magnetic field affects the CH,-NH,*
rocking vibration, possibly altering the molecular arrangement
and dynamics. The sharp peaks at 1242 and 1251 cm™! represent
the C—N stretching vibrations of the MA group present in both
crystals, suggesting changes in the molecular conformation and
interactions of the MA* cations. Other band assignments are de-
tailed in Table S2 (Supporting Information). The acquired results
are in good agreement with the values reported previously.!?”7]
These MA™ ions exhibit paramagnetism due to their unpaired
electrons, resulting in individual magnetic moments that interact
with external magnetic fields. When a magnetic field is present,
the paramagnetic MA* ions tend to align with the direction of the
magnetic field. This alignment significantly impacts the overall
molecular motion of the ions. Figure 4b displays the UV-vis ab-
sorption spectra of both the magnetic field-assisted crystals and
the control crystal. Inset shows a direct bandgap Tauc plot to
analyze the absorption spectra. The fitting yielded bandgap of
~1.49 and 1.51 eV for the magnetic field-assisted crystals with
magnetic fields of 130 and 250 mT, respectively, which are sim-
ilar to that of the control crystal, 1.50 eV. Figure S4 (Support-
ing Information) presents the photoluminescence (PL) spectra
of the magnetic field-assisted crystals. The photoluminescence
(PL) spectra of crystals grown with magnetic field of 130 and
250 mT exhibit full width at half maximum (FWHM) values of
48.3 and 47.8 nm, respectively. In comparison, the FWHM for
control crystal is 49.5 nm. This indicates that the 250 mT mag-
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netic field-assisted crystal is 1.7 nm narrower than the control
crystal. The narrower FWHM in the PL spectra of the magnetic
field-assisted crystals suggests well-ordered crystalline structures
and a low defect density. To investigate the effect of the magnetic
field on the carrier transport process, nanosecond transient pho-
toluminescence (PL) spectroscopy was employed. The PL spec-
troscopy revealed two distinct time components in the decay pro-
cess, referred to as the fast decay (r,) and the slower component
(7,), as depicted in Figure 5a.

These two components were associated with surface defects
and carrier recombination in the bulk, respectively.l®] Both the
surface carrier constants (related to the fast component) and
the bulk carrier constants (related to the slow component) were
found to be sensitive to the magnetic field. The obtained time
constants (z) for the fast component were 1.072 + 0.203 ns for
the control samples (0 T), 1.217 + 0.238 ns for the magnetic
field of 130 mT, and 3.947 + 0.382 ns for the magnetic field of
250 mT. Similarly, the time constants for the slow component
were 23.458 + 3.034 ns for the control samples (0 T), 35.030 +
6.030 ns for the magnetic field of 130 mT, and 52.364 + 3.090 ns
for the magnetic field of 250 mT. This suggests that the presence
of the magnetic field influenced the charge carrier dynamics, re-
sulting in a slower decay of the carriers in the magnetic field-
assisted crystals. Specifically, the carrier lifetime was ~3 times
longer for the magnetic field-assisted crystals. This enhanced car-
rier lifetime suggests improved carrier recombination dynam-
ics and reduced surface defects in the magnetic field-assisted
crystals, which can contribute to enhanced optoelectronic per-
formance and efficiency in potential applications. We conducted
Hall Effect measurements to investigate the charge carrier be-
haviors of three different MAPbI; samples (0 T, 130, and 250
mT) at room temperature. The mobility values obtained are as
follows: 69.1 cm? s7! V! for the 0 T sample, 114 cm? s~! V~! for
the 130 mT sample, and an impressive 487 cm? s~! V=! for the
250 mT sample as outlined in Table S4 (Supporting Information).
This sevenfold increase in hole mobility compared to the con-
trol sample highlights the profound influence of magnetic field-
assisted growth on charge carrier transport in perovskite single
crystals. When benchmarked against other reported MAPDI, sin-
gle crystals, measured using both Hall and space charge limit cur-
rent (SCLC) methods,?**°] the magnetic field-assisted samples
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Figure 5. a) Time-resolved PL (TRPL) decay spectra of MAPbI; single crystals obtain without magnetic field and under magnetic field. b) Performance

graph of reported carrier mobility in MAPbI; single crystals.

presented in this work exhibit the highest hole mobility values
documented to date, as illustrated in Figure 5b. This substantial
increase in hole mobility indicates that the magnetic field-
assisted crystals have a higher capacity for efficient charge carrier
transport, leading to improved electronic properties.

3. Conclusion

In conclusion, we present a novel synthesis method designed
to enhance both the optoelectronic properties and stability of
MAPDI, single crystals. This approach exploits the paramagnetic
characteristics of the MA™ ion, specifically by its alignment with
an external magnetic field during the ITC process. The octahe-
dral distortion, evident in FTIR, XRC, and XRD analyses, is at-
tributed to the alignment of MA™* ions within the crystal lattice
under the influence of the magnetic field. This strategic manip-
ulation of lattice distortion significantly improves the material’s
performance characteristics. The strained MAPDI; single crys-
tals demonstrated a remarkable 123% increase in the slow time
component of hole mobility compared to control samples. While
the control crystals exhibited a hole mobility of 68.1 cm? s71 V-1,
the magnetic field-assisted crystals showed a substantial seven-
fold rise to 487 cm? s! V-1, This extended slow time component
and elevated hole mobility in the magnetically-treated crystals in-
dicate enhanced charge carrier transport and reduced recombi-
nation losses. These findings suggest that leveraging magnetic
fields can be an effective strategy for optimizing the charge dy-
namics within perovskite single crystals. Not only did our method
elevate the optoelectronic properties of the crystal, but it also sig-
nificantly improved its thermal stability. The engineered lattice
distortion allowed the crystals to withstand temperatures up to
230 °C without any signs of deterioration. This newfound stabil-
ity not only enhances the reliability of devices but also opens up
exciting opportunities for applications in high-temperature envi-
ronments.

Our findings highlight the potential of magnetic field-assisted
growth as a promising technique for synthesizing high-quality
strained perovskite single crystals. This method opens up new
possibilities for enhancing the performance of perovskite-based
optoelectronic devices, such as high-efficiency solar cells, LEDs,
and photodetectors. Future research could delve deeper into un-
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derstanding the underlying mechanisms of crystal growth under
a magnetic field and explore the applicability of this technique to
other perovskite materials, paving the way for further advance-
ments in the field of perovskite-based devices.

4. Experimental Section

Chemicals: Lead iodide (Pbl,, 99.999% trace metal basis), Gamma-
butyrolactone (GBL) (Z99%) were purchased from Sigma Aldrich. Methy-
lammonium iodide (MAI) were purchased from Dyesol Limited (Aus-
tralia). All salts and solvents were used as received without any further
purification.

Synthesis of MAPbI; Single Crystal:  MAPbI; single crystals were grown
by the inverse temperature crystallization method with and without the
assistance of an external magnetic field. 1.5 m of MAPbI; in GBL was pre-
pared by dissolving an equimolar amount of MAIl and Pbl, in GBL at 65 °C
by stirring overnight to a mostly clear, homogeneous solution. The solu-
tions were filtered using a PTFE filter with 0.2 mm pore size. One millilitres
of the filtrate were placed in a vial and the vial was kept in an oil bath undis-
turbed. The temperature was gradually increased to 110 °C and maintained
for 6 h. In the magnetic field-assisted experiments, a magnetic field with a
strength of 130 and 250 mT was applied during the entire growth process.
The resulting crystals were then washed with GBL and dried at a temper-
ature of 65 °C for 12 h.

Characterization: The measurement of single crystal XRC was carried
out using a Rigaku/XtaLAB Synergy, MoKa (4 = 0.71073 A). X-ray diffrac-
tometer at a temperature of 223 K. The temperature-dependent XRD data
was collected using a Rigaku Ultima IV X-ray diffractometer with Cu Ka
radiation (A = 1.5418 A). The temperature dependence XRD was carried
out using a Rigaku Ultima IV X-ray Diffractometer (XRD) with Cu Ka radi-
ation (4 = 1.5418 A) at 40 kV and 40 mA, employing the High Tempera-
ture XRD (HTXRD) method. The absorbance spectra measurements were
performed using UV-vis spectrometer (Perkin ElImer Lambda 950). Time-
resolved photoluminescence (TRPL) measurement study was carried out
using a confocal microscope (MicroTime-200, Picoquant, Germany) with
a 10x (air) objective. For the lifetime measurements, a single-mode pulsed
diode laser (470 nm with a pulse width of 30 ps and an average power of
30-100 nW operating in T MHz repetition rate) was used as an excitation
source. A dichroic mirror (490 DCXR, AHF), a long-pass filter (HQ500Ip,
AHF), a 150 um pinhole, a bandpass filter (500-600 nm, Thorlabs), and
a single photon avalanche diode (PDM series, MPD) were used to col-
lect emission from the samples. A time-correlated single-photon counting
system (PicoHarp-300, PicoQuant GmbH) was used to count emission
photons. Exponential function fittings for the obtained PL decays were
performed using Symphotime-64 software (Ver. 2.2). The Hall mobility
and Carrier trap density measurements were carried out with the Ecopia
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HMS3000 system (magnetic field of 0.51 T), using the Van der Pauw hall
effect measurement technique at room temperature.
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