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High speed growth of MAPbBr; single crystals via
low-temperature inverting solubility: enhance-
ment of mobility and trap density for photo-
detector applicationst
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There has been growing interest in organic—inorganic hybrid perovskites as a promising candidate for
optoelectronic applications due to their superior physical properties. Despite this, most of the reported
perovskite devices based on polycrystalline thin films suffer immensely from poor stability and high trap
density owing to grain boundaries limiting their performance. Perovskite single crystal structures have
been recently explored to construct stable devices and reduce the trap density compared to their thin-
film counterparts. We present a novel method of growing sizable CH3NHzPbBrsz single crystals based on
the high solubility characteristic of hybrid perovskites at low temperatures within inverse temperature
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crystallization. We compared both the crystallinity of perovskite single crystal structures and opto-
electronic charge transport of single crystal photodetectors as a function of dissolution temperature. The
performance of the photodetector fabricated with our large-scaled single crystal with high quality

rsc.li/nanoscale demonstrated low trap density, high mobility, and high photoresponse.
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Introduction

Hybrid metal halide perovskites MAPbX; (MA = CH;NH;', X =
Cl7, Br™, or I") have demonstrated high performance owing to
their high absorption coefficient, direct bandgap, long carrier
lifetime, high mobility, low cost, and facile deposition
techniques,"” in optoelectronic applications for solar cells,"
light-emitting diodes,”” photodetectors®” and so on in the
past few years. In addition to achieving the high performances
of solar cells in a short period," the development of photo-
detectors has been driven by the beneficial optical and charge-
transport properties of perovskites such as high photocurrent,
responsivity, and response time.® Rapid and great advances of
perovskite polycrystalline film photodetectors have been
achieved based on the development of the growth technique
focusing on large-scale,® low-cost solution-process and flexible
applications.” Beyond polycrystalline perovskite film photo-
detectors, there have recently been numerous structured per-
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ovskite devices such as single crystals®® or low dimensional
structures.'®'" In particular, perovskite single crystals have
recently shown superior properties such as longer carrier
diffusion lengths, lower trap-state densities and better stability
compared to their polycrystalline thin-film
counterparts.®>*"'>>* However, reported perovskite single crys-
tallization processes have some issues of extremely slow
growth for large scale or unsatisfactory quality for demanding
optoelectronic applications.">*'>* Both fast growth and high
quality large-scale perovskite single crystals enable a wide-
spread utilization.

Numerous crystallization methods for perovskite single
crystals have been introduced such as the conventional cooling
technique, antisolvent vapor-assisted crystallization (AVC),'?
top-seeded growth,'* liquid-diffused separation-induced crys-
tallization,”® and inverse temperature crystallization
(ITC).'>2*24726 Bakr et al. reported the ITC method to grow
high-quality large-scale perovskite single crystals fast, which is
a widely used single crystal growth method. Crystallization is
induced by reverse solubility dependent on the temperature of
hybrid halide perovskites in specific solvents. Unlike the
normal dissolution process, most perovskite molecules are
bound in the complexes with the solvent, indicating dis-
solution. In addition, unbound molecules do not reach low-
temperature saturation. The increase in temperature decreases
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the binding energy of the complexes. Therefore, unbound per-
ovskite molecules increase and nucleation occurs when the
solution supersaturates, followed by crystal growth.'>?’
Although the precursor solution for the MAPbBr; single crystal
was prepared at room temperature,'>** there seems to be
room for the improvement of this technique considering the
reverse solubility of MAPbBr; for further high quality and large
scale of single crystals.

In this study, an advanced ITC method is proposed by con-
trolling the dissolution temperature. For the first time, the
low-temperature inverting solubility of MAPbBr; single crystals
is demonstrated. We examined the effects of dissolution temp-
erature on the MAPbBr; quality and a single crystal device as a
representative hybrid halide perovskite material. High quality
and large-scale MAPbBr; single crystals were fabricated with
fast processing based on complete dissolution at low tempera-
tures and fine heating control. The structural, optical, and
electrical properties of single crystals grown at three dissolving
temperatures were compared to investigate the essential para-
meters affecting the device performance. Furthermore, we
demonstrated the potential to utilize a perovskite single crystal
in practical optoelectrical application for observing the charge
transport properties. The low temperature crystallization tech-
nique can be applied to numerous perovskite single crystal
growth, which contributes to their high quality and large scale
for the wide perovskite-based applications.

Results

In the solution-based perovskite single crystal growth, com-
plete dissolution without residual molecules and growth temp-
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erature control are important factors in determining the
quality of single crystals. Fig. 1 shows the low temperature
inverting solubility with the dissolution mechanism depend-
ing on different temperatures, fine heating rate control and
then the resulting CH3;NH;PbBr; (MAPbBr;) single crystals.
The inverse temperature crystallization (ITC) method showed
that the elevation of temperature leads to the crystallization of
the precursor solution dissolved at low temperatures.'®>’ This
is related to the paradoxical solubility of the hybrid perovskite
compound as opposed to a common monomolecular com-
pound at high temperature.">>>?° In Fig. 1a, as the advanced
ITC technique, we devise the low temperature dissolution
below 0 °C based on the measurement of low temperature
inverting solubility for the first time, and the method of imple-
menting them in detail is presented in Fig. S1. According to
the solubility and freezing temperature of the N,N-dimethyl-
methanamide (DMF) solvent (—61 °C), we dissolved a precur-
sor solution at the low temperature (LT) of —40 °C, which was
determined from the respective solubility of MAPbBr;. It con-
sisted of the MAPbBr;-DMF complex under the more comple-
tely and clearly dissolved condition compared to the zero
temperature (ZT) at 0 °C, and room temperature (RT) at 20 °C
using undissolved precursors, as shown in Fig. la. Three
different dissolution temperatures—RT, ZT, and LT—were kept
in each bath using air, ice, and dry ice to compare the crystalli-
zation. Fig. 1b illustrates the heating rate of the crystallization
in three different regions and the growing process at each
temperature. In the ITC method, controlling the heating temp-
erature was introduced to maintain constant temperature'® or
extremely slow increase.”® Although crystallization with high
quality is required over the longest possible time period theor-
etically, the reasonable adjustment of the process time should
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Fig. 1 (a) Temperature-dependent solubility of MAPbBrs in DMF compared to ref. 21 and schematic diagram of dissolution temperature control, (b)
heating rate of crystallization for high speed process, (c) MAPbBr3 single crystal size at different dissolution temperatures.
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be necessary for commercial applications. Therefore, our gra-
dient heating rate technique provides both the high quality
and large size of single crystals for efficient time utilization
within 6 h only. The heating rate was 0.5 °C min~" between
20 °C and 60 °C, while it decreased gradually to 0.33 °C min™"
between 60 °C and 100 °C; furthermore, it decreased to
0.25 °C min~" over 100 °C. Particularly, the period from 20 °C
to 60 °C is the preparatory zone, where seed crystals are
formed. The adaptation of the highest heating rate (0.5 °C
min~") on this zone leads to a significantly shorter time for
the whole crystallization process compared to the results pre-
sented in previous literature.>* It demonstrated rapid crystal
growth in low temperature period does not affect the realiz-
ation of high quality according to our results of crystallization.
Rather, the increase in the crystal size is prominently due to
the increase in temperature in the high temperature period, as
shown in Fig. S2,1 which it can be seen synthetically that slow
growth rate in high temperature region further helps to form
the large crystal than controlling heating rate in low tempera-
ture region. In addition, although the heating temperature was
controlled from 20 °C to 110 °C to the three different dis-
solution conditions equally, the temperature at which the seed
crystal forms was different, corresponding to the point and
arrow in Fig. 1b; at the lower dissolution temperature, the seed
of single crystal was formed at a lower temperature as the start-
ing point of the growth of single crystals. This also seems to
potentially affect the final formation. Fig. 1c shows the largest
MAPDbBr; single crystal at the lowest dissolution temperature
with a parallelepiped shape. The size distribution of the crystal
growth as the dissolution temperature was investigated via the
repeated crystallization process, as shown in Fig. S3.7 The
relationship between the number of single crystals and crystal
sizes shows that large-sized single crystals were distributed
with the decrease in the dissolution temperature. In addition,
the surface and cross-section images of single crystals via scan-
ning electron microscopy (SEM) are shown in Fig. S4.f The
image of single crystals in the LT condition was obtained only
due to more deterioration of single crystals with ZT and RT
conditions than that with the LT condition, which suggests the
relationship between the quality and bonding of single
crystals.
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The X-ray diffraction (XRD) analysis of MAPDbBr; single crys-
tals confirmed the crystalline quality, as shown in Fig. 2.
Fig. 2a shows very sharp peaks in the XRD of powder single
crystal, corresponding to the (001), (110), (002), (210), (211),
(220), and (003) planes of the cubic MAPDbBr; crystal
structure.>**” Moreover, the maximal facet of MAPbBr; single
crystal XRD shows only (001), (002), and (003) peaks, indicat-
ing the superiority of a well-structured single crystal out of all
single crystals with different dissolved temperatures.'”**
Furthermore, the first major XRD peaks were examined by
high-resolution X-ray rocking curve analyses using full width at
half maximum (FWHM) to compare the fine crystalline quality
of three single crystals with different dissolved temperatures
(see Fig. 2b). Single crystals in RT, ZT, and LT conditions
showed 0.0253°, 0.0179°, and 0.0171° FWHM, respectively; it
suggests that the quality of single crystals in the LT condition
is the best than those with other dissolved temperatures.
FWHM of our single crystal demonstrates the superior quality
of crystallization in the LT condition than the other reference
values of MAPDBr; single crystals in the literatures.'”**?” In
addition, the single crystal X-ray diffraction of our MAPDbBr;
single crystal confirmed that it had a cubic crystal structure
and space group no. 221 (Pmem) with the lattice constant a =
5.907 A, as shown in the inset of Fig. 2b, which is similar to
the literature.'®

The optical and optoelectronic properties of three different
single crystals were investigated, as shown in Fig. 3. Raman
spectra of every single crystal confirmed MAPDbBr; crystal
phases with a cubic structure.*®* The vibration modes associ-
ated with organic atoms were observed above 200 cm™, as
listed in Table 1. The observed modes from three different
samples were similar to those from the references and thus
assigned accordingly.>*?" Specifically, the peak intensity of the
v1 (C-N torsion) mode was higher and the linewidth was nar-
rower for a single crystal grown in the LT condition, which
demonstrates that this crystal exhibits better crystalline quality
than other crystals under RT and ZT conditions.?* The photo-
luminescence (PL) spectra exhibit one sharp peak at 2.29 eV
(541 nm wavelength) for all the samples as is known in the lit-
erature."”®> However, the difference of the PL peak at several
measuring points of the sample is the smallest in the crystal
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Fig. 2 X-ray diffraction of (a) powder and single crystal. (b) Rocking curve with different dissolution temperature.
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Fig. 3 (a) Raman and (b) PL spectra of MAPbBr3 single crystal with different dissolved temperatures.

Table 1 Raman shift of MAPbBrs single crystals from the literature®*2”

Peaks (RT)  Position (em™)  Vibrational modes assignments (80 K)
vy 327 C-N torsion 7 (MA)
Uy 916 MA rocking p (MA)
U3 970 C-N stretching v (C-N)
Vg 1457 CH; asymmetric bending 5as(CH3)
Us 1471 NH; symmetric bending 85(NH3)
Vs 1589 NH; asymmetric bending 8as(NH;)
vy 2957 CH; asymmetric stretching  v,5(CH3)

in the LT condition, suggesting that uniformity of the LT
sample is slightly better than other samples, as shown in the
inset of Fig. 3b. In addition, the absorption of single crystal in
the LT condition was investigated to be better than that of
others, as shown in Fig. S5.F

The carrier transport in dark was characterized by the
space-charge-limited current (SCLC) method,*® as shown in
Fig. 4. Although the mobility and carrier concentration of the
semiconductor are accurately observed by the Hall effect
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Fig. 4 Dark -V characteristics using SCLC method.
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measurement, the SCLC method was carried because the con-
ductivity of our single crystals is within the measurement
limit>*?* In particular, it shows the dark I-V properties of
single crystals with different dissolved temperatures. The -V
curves are divided into three regions: ohmic (red line), trap-
filling region (blue line), and trap free (green line). The trap
density (nap) can then be determined by the trap-filled limit
voltage, Vrp, the voltage at which the current begins to
increase rapidly using following the equation:**~*°

e — 2VrpLeréo
= LAt
el?

; (1)

where ¢, is the vacuum permittivity, ¢, is the relative dielectric
constant (e, = 25.5),%” e is the elementary charge (1.6 x 10™"°
C), and L is the single-crystal thickness. The trap densities of a
single crystal with different dissolved temperatures were deter-
mined according to the equation (see Table 2). It was found by
comparing the trap densities that the performance of the
single crystal device was the best in the LT condition.
Moreover, within the reported trap density range of 26-200 x
10° em ™ for the MAPDBT; single crystals,'® the ones produced
in the LT condition are better than those produced under
other dissolution temperature conditions. The carrier mobility
over approximately 10 V of the single crystal was extracted by
fitting the Mott-Gurney law:">>®

 9eceouV?
o8

Jd (2)

where ] is the dark current density, x is the mobility, and V is
the voltage. The mobility of the single crystal device in the LT

Table 2 Comparison of carrier transport

Trap Hole
Conductivity density Mobility concentration
Temperature (Q7'cem™)  (em™?) (em®>Vv7's™)  (em™?)
RT 2.18x107%  6.59x10° 18 2.55 x 10*?
ZT 3.31x107°  3.06x10° 6 1.42 x 10"
LT 1.53x107%  2.55x10° 115 1.10 x 10"*®

This journal is © The Royal Society of Chemistry 2021
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condition was 115 ecm” V™' s, which is extremely larger than
its microcrystalline thin-film counterpart® and the single crys-
tals grown using ITC.">° Moreover, the conductivity, o, of the
ohmic region and hole concentration, 7., are calculated using
the following equation:*°
ne = % 3)
The values derived by fitting eqn (3) are listed in Table 2.
The values indicate that the single crystal in the LT condition
is superior in quality for photosensor applications than those
MAPbBr; single crystals grown using other techniques.'”*°
The statistical results of these electrical measurements have
supported the reliability of our technique for high-quality
single crystal photodetectors (Fig. 5). The performance of
photodetectors, such as photocurrent, responsivity and
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response time in single crystals, was investigated under white
light with 5 mW cm™>. The I-V curves of the single-crystal
device were measured, as shown in Fig. 6a. The photo current
density was approximately 107> A em™2, as expected from the
high-quality single crystal.’® The high-quality photodetector
fabricated in the LT condition shows the largest photo current
density. Fig. 6b shows the time-dependent photoresponse of
the single crystal device under white light and 2 V bias. In
addition, the calculated responsivities, R of LT, ZT, RT samples
are 0.059, 0.052, and 0.058 A W', respectively, using the fol-
lowing equation:

_.]ph _.]d
_7Pi

R

where J,j, is the photocurrent density and Py, is the incident
light power density.
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The responsivity of LT samples was slightly higher than
that of others. In the measurement of response time shown in
Fig. 7, a rapid increase in time (<20 ns) (the inset of Fig. 7) and
slow decay time of single crystals can be observed. The decay
times of LT, ZT, RT samples are 500, 470, 430 ps, respectively.

Numerous cycles of photocurrent density of this device
indicate the reproducibility and stability of our single crystal
photodetectors without any degradation. Table 3 shows the
photoresponse characteristics of the reported MAPbBr; single
crystal photodetector, including the result of this work.
Despite the active research on MAPDbBr; single crystals, its pre-
vious researches on photocurrent are rare and their perform-
ances are not high.”*>® Fig. 6b surprisingly shows that not
only did the LT state single crystal device exhibit the highest
photocurrent density under all conditions, our results are the
best among the previous literatures. Indeed, the increasing
photocurrent depending on the illumination time is observed
in Fig. 6b. One of causes for this behavior was suggested as
the light trapping mediated by defect states, such as other
optoelectronic devices.>® According to the recent research, the
increasing photocurrent can be caused by the change of mobi-
lity.*® However, the mechanism study requires a detailed inves-
tigation of the carrier transport for perovskite materials, which
is a subject of future research.
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Fig. 7 Response times of MAPbBrsz single crystals with different dis-
solution conditions.

Table 3 Summary of the reported MAPbBr single crystal photodetectors
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Conclusion

We fabricated high quality MAPbBr; single crystals and related
optoelectronic devices with a low dissolution temperature (LT)
based on the ITC method. Moreover, the low temperature
inverting solubility was demonstrated in this study for the first
time. The gradient heating rate led to a reduction in the
growth processing time and high-quality large-scale single
crystals. Improved crystalline quality in the LT condition, out
of the three dissolved temperatures, was demonstrated owing
to the narrow XRD rocking curve, high-intensity Raman peak,
and spatial uniformity of PL peak. We show the potential of
applying MAPDBr; single crystals to the photodetector using a
carrier transport in dark and illumination conditions. The
SCLC analysis exhibited surprisingly low trap density and high
mobility of single crystal devices formed in the LT condition.
The photoresponse of the device was superior to the other two
dissolution conditions as well as better than the reported
results. This technology has great potential due to its scalabil-
ity to various perovskite materials with inverse solubility and
the simple and clear industrial application. Our novel growth
technique with excellent optoelectronic properties of MAPbBr;
single crystals can contribute to manufacturing high-quality
perovskite single crystals for the next generation optoelectronic
devices.

Experimental method
Synthesis of MAPbBr; single crystals

Methylammonium lead bromide (MAPDbBr;) single crystals
were grown based on the ITC method."”” Methylammonium
bromide and lead bromide (PbBr,) were mixed with 1:1
(PbBr,: MABr) in N,N-dimethylformamide (DMF) to prepare
the growth solution. The temperature was set at three different
values using ice and dry ice bath to dissolve the precursors.
The solution was sonicated for 10 min for further dissolution
and homogenization. Thereafter, it was filtered using a 0.2 pm
PTFE filter. After filtration, the solution was divided among
vials in 2 mL quantities and placed on the hotplate on a com-
putational heating system. After growth, the crystals were dried
in a vacuum chamber, as shown in Fig. S1.T

Solubility test

2 ml of DMF in a vial was placed on a hot plate under stirring.
Keeping the temperature, we started dissolving the amount of
MABr and PbBr, powder expected to be completely dissolved

Fabrication method Bias voltage (V)  Light source

Light intensity (mW cm™?)

Photocurrent density (pA cm™2)  Ref.

ITC 2 White light 5
LDSC —4 White light

ITC 4 525 nm 60
ITC 1.5 405 nm —
Mixed halide crystallization -4 White light 0.4

8280 | Nanoscale, 2021,13, 8275-8282
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at the temperature in DMF. After checking the transparent
solution, we added small amount of powder equivalent to 0.1
M. The same process was repeated at different temperatures.
Temperatures of 0 and —40 °C have been investigated in the
same method, but keeping the vial in an ice and dry ice bath.

Fabrication of the photodetector device

A photodetector was fabricated by depositing 100 nm Pt elec-
trodes via vacuum sputtering on the single-crystalline perovs-
kite MAPbBr;, which is the sandwich structure. On average,
the sizes of the single crystal device in LT, ZT, RT condition are
about 4 mm x 4 mm X 2 mm.

X-ray diffraction

X-ray diffraction (XRD) patterns of the MAPbBr; powder and
bulk of single crystal were recorded on an X-ray diffractometer
(PANalytical, X’Pert Pro MPD) using a Cu-Ka (1 = 1.5418 A)
radiation source (40 kV, 30 mA).

Single crystal X-ray diffraction

The crystal structures of MAPbBr; were ascertained by stan-
dard crystallographic methods. Orange block-shaped crystals
were used for single-crystal X-ray diffraction. The data were col-
lected at 223(2) K using a Bruker D8 Venture equipped with a
IuS micro-focus sealed tube Mo Ka (4 = 0.71073 A) and a
PHOTON III M14 detector in Western Seoul Center of Korea
Basic Science Institute. Data collection and integration were
performed using the SMART APEX3 software package
(SAINT+). Moreover, absorption correction was performed by
the multi-scan method implemented in SADABS. The structure
was solved by direct methods and refined by full-matrix least-
squares on F* using the SHELXTL program package (version
6.14).

Raman spectroscopy and photoluminescence

Raman scattering spectroscopy was performed to identify the
phase formation of the material. All spectra were recorded
using a McPherson 207 spectrometer equipped with a TE-
cooled charge-coupled-device (CCD) array detector at room
temperature. The samples were excited with 7.25 mW of a
632.8 nm He-Ne laser, focused to a ~1 mm diameter spot
using a microscope objective (100x). Room temperature photo-
luminescence (PL) spectra were recorded to characterize
bandgap energies. We used 0.5 mW of a 488 nm diode laser as
an excitation source.

Space charge limited current (SCLC) and photoresponse
measurement

A photodetector was fabricated by depositing 100 nm Pt elec-
trodes on both the sides of the perovskite MAPbBr; single
crystal via vacuum sputtering. The SCLC measurement was
performed using a Keithley 2400 source-meter in dark at room
temperature. The current-voltage (I-V) measurements were
performed on a probe station connected to a Keithley 4200
semiconducting analyzer. The photoresponse was measured
using white light having the intensity of 5 mW cm™>. The

This journal is © The Royal Society of Chemistry 2021
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single normalized on/off cycle of the photocurrent was at a fre-
quency of 30 Hz. The response time was measured by an
Agilent Technologies DSO6054A oscilloscope with a 2 MQ
resistor.
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