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a b s t r a c t

Carrier transfer is a key process for perovskite-based photoelectric conversion. It has a close relationship
with grain boundaries, grain size, and contact layers. Understanding this relationship is of great signif-
icance for revealing the inherent characteristics of perovskite materials and for devices optimization.
However, the dependence of carrier transfer characteristics (including carrier lifetime and mobility) on
thickness is less studied, although which is a key issue for almost all perovskite material devices. Here we
find that as the thickness of MAPbBr3 perovskite single crystal (PSC) increases from 1.47 mm to 10.55 mm,
the carrier lifetime of MAPbBr3 decreases from 70 ns to 30 ns, and the carrier mobility decreases from
97 cm2 V�1 s�1 to 57 cm2 V�1 s�1, but they become constant in very thick samples. In addition, it was
found that as the crystal thickness increased from 1.47 mm to 10.55 mm, the surface layer range gradually
increased from 12 nm to 31 nm. The surface recombination velocity and surface defect (trap) density
further confirmed that the thin PSC exhibited a small surface layer range. Finally, a three-layer carrier
transmission model of PSC is proposed. This research provides guidance for the optimal design of PSC
optoelectronic devices.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Metal halide perovskite has achieved a wide range of applica-
tions in solar cells [1e3], photodetectors [4,5], field effect transis-
tors [6e8], lasers [9], and light-emitting diodes [10e12], which are
closely related to its good absorption characteristics and effective
carrier transport properties [13e16]. To explore the influencing
factors andmechanism of perovskite carrier transport performance
is of great significance for unveiling how perovskite materials work
and for developing high-performance devices. Poor carrier trans-
port characteristics, e.g. short carrier lifetime and low mobility,
which indicates a large number of carrier recombination
happening, will inevitably reduce the performance and the lifetime
of perovskite optoelectronic devices. Some previous studies have
), guo@optics.rochester.edu
shown that carrier transport is related to multiple factors such as
grain boundary, grain size, stoichiometry, and so on [13,16]. For
example, Ginger et al. group reports [17] that the carrier lifetime
and photoluminescence (PL) intensity of perovskite polycrystalline
thin films changewith variations in grain size. The grain boundaries
are dimmer and exhibit faster non-radiative decay than the sur-
rounding grains [17]. Recombination losses at the interfaces be-
tween the perovskite and the electron/hole transport layer may
also have a significant effect on carrier transport. To facilitate the
carrier transport, pioneering researchers have tried to increase the
grain size of the perovskite and/or the method of surface passiv-
ation treatment and have achieved success to some extent
[13,18,19]. Some passivation molecules have been tried, such as
potassium iodide [20] and guanidine bromide [21], and have been
approved successfully in passivating surface defects. These mole-
cules may react with the uncoordinated dangling bonds of the
surface atoms and quench the photoexcited carriers [22].

Among the various morphologies of perovskites that have been
synthesized, such as polycrystalline thin films [1,23], quantum dots
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[10], nanowires [24e26], platelets [27,28], single crystal bulks
(SCBKs) [4,29,30], and single crystals thin films (SCTFs) [31,32],
perovskite single crystal (PSCs, including SCBK and SCTFs) with
larger grains and fewer grain boundaries can effectively transport
carriers, and therefore it is the ideal material for studying the
intrinsic transport properties of perovskites and the preparation of
electronic devices [18,31,32]. However, research on transport
property and application of large single crystals, are still limited.
Some basic questions such as whether the carrier lifetime and
mobility are constant or not and how the transport property
evolves with crystal thickness are still open questions.

In this article, by measuring the carrier transport property and
defects density of MAPbBr3 single crystals (MPB SCs) samples, we
explored the dependence of perovskite carrier lifetime and
mobility on thickness. First, controlled thickness (from 1.47 mm to
10.55 mm) MPB SCTFs are synthesized by confining the space be-
tween two slides and adjusting precursor solution concentration.
Then, through time-resolved photoluminescence (TRPL) and space
charge limited current (SCLC) measurements, the carrier average
lifetime and carrier mobility of MPB SCs with various thickness are
monitored, and the dependence of carrier lifetime and mobility on
crystal thickness are extracted. Furthermore, the surface recombi-
nation velocity and surface defects (trap) density are calculated,
which give a straightforward explanation of the evolution results
mentioned previously. Finally, a three-layer carrier transfer model
of MPB SCs is proposed to describe the thickness-dependent carrier
transport property evolution process, which may work not only for
MAPbBr3 but also for other perovskites such as MAPbCl3, FAPbI3,
and so on.
2. Results and discussion

2.1. Synthesis and characterization of MPB SCs with different
thickness

MPB SCTFs with controlled thickness were synthesized through
an improved one-step space-limited crystal incubation process
referring to previous reports [6,32e34]. As shown in Fig. 1a, 10 mL
Fig. 1. One-step space-limited growth method for MPB SCTFs. (a) Schematic illustration
precursor solution was dropped on hydrophobic-treated silicon wafer. Second, the precursor
thickness were obtained after solution evaporation. (b) The relationship between precursor
Optical photographs of MPB SCTFs with different thicknesses (1.47 mm, 2.73 mm, 5.71 mm, 6.83
with different thickness. (For interpretation of the references to color in this figure legend, t
MAPbBr3 precursor solution with various concentration (from
10 mM to 1000 mM) was dropped on hydrophobic-treated silicon
wafer, and then it was covered by hydrophobic-treated coverslip.
After two days, the MPB SCTF was achieved as the solvent slowly
evaporated in air at room temperature. By tuning the precursor
solution concentration, MPB SCTFs with various thicknesses can be
achieved. The relationship between concentration of precursor
solutions and thickness of MPB SCTFs is shown in Fig. 1b. The
thickness of MPB SCTFs first shows a large growth slope from
10 mM to 100 mM and then increases slightly after 100 mM. The
variation of MPB SCTFs thickness still shows the same trace after
changing substrate to be a hydrophobic-treated glass. This indicates
that thickness tuning method is substrate independent, which is
consistent with previous report [34]. The detailed information of
the MPB SCTFs thickness with different precursor solution con-
centration on silicon wafer and glass are summarized in
Supplementary Table S1 and Table S2.

Fig. 1c-n shows the optical photographs and three-dimensional
(3D) pseudo color plots of MPB SCTFs with different thicknesses.
The MPB SCTFs are submillimeter-sized in length and width with a
uniform surface. The orange color becomes gradually deepened as
thickness increases from 1.47 mm to 10.55 mm. The detailed thick-
ness information and three-dimensional height results of the MPB
SCTFs are shown in Supplementary Fig. S1. A scanning electron
microscope (SEM) image of the MPB SCTFs in Supplementary
Fig. S2 shows a smooth surface without any grain boundary. The
energy dispersive spectrometry (EDS) mapping results in
Supplementary Figs. S2beg show uniform elemental distributions
of bromide, lead, carbon, nitrogen from MPB SCTF, and oxygen, as
well as silicon from silicon substrate. The clear and distinct
elemental boundaries between MPB SCTF and substrate further
confirm the high crystallinity, and the peak distribution of each
element are presented in Supplementary Fig. S2h. The X-ray
diffraction (XRD) results of MPB SCTF, MPB SCBK, MPB SC powder,
PbBr2 and methylammonium bromide (MABr) are shown in
Supplementary Fig. S3. The MPB SCBK is synthesized by the
improved inverse temperature crystallization (ITC) method as our
previous report [35]. XRD results of MPB SCTF, MPB SCBK, and MPB
of one-step space-limited growth method. First, different concentration of MAPbBr3
solution was covered by hydrophobic-treated coverslip. Final, MPB SCTFs with different
solution concentration and thickness of MPB SCTFs on silicon and glass substrate. (ceh)
mm, 8.26 mm,10.55 mm). (i-n) Three-dimensional (3D) pseudo color plots of MPB SCTFs

he reader is referred to the Web version of this article.) SCTFs, single crystals thin films.
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SC powder all show a cubic structure, which is consistent with
previous reports [36]. Moreover, the characteristic peaks of PbBr2
and MABr disappear in MPB SCTF and MPB SCBK, indicating that
MABr and PbBr2 have been completely converted into MPB SCTF
and MPB SCBK. Supplementary Fig. S4 shows Raman spectrum of
MPB SCBK andMPB SCTF. The characteristic peaks inMPB SCBK and
MPB SCTF show same positions (55, 324, 918, 969, 1250, 1477, 1586,
and 2966 cm�1) [37], which also indicates that MPB SCBK and MPB
SCTFs own same crystalline structure. The absorption spectrum of
MPB SCTFs in Supplementary Fig. S5a shows that the absorbance
will increase with increase in crystal thickness. Besides, absorption
cutoff wavelength shows a gradual red shift withMPB SCTFs getting
thick in Supplementary Fig. S5b, which is consistent with previous
calculations [2]. All characterizations indicate that the improved
one-step space-limited growth method is simple and easy to con-
trol MPB SCTFs thickness with a high quality.
2.2. Steady state PL and TRPL of MPB SCs with different thickness.

The light penetration in perovskite materials is constrained
within a few hundred nanometers due to the large absorption co-
efficients [32,38]. In this region, the transfer and recombination of
carriers are still susceptible to the influence from the surface
[32,38]. To explore thickness’ effects, especially the influence from
surface, on PL intensity, steady state PL of MPB SCTFs with different
thickness was measured in air at room temperature under 473 nm
laser. For each thickness, five samples were measured, and the
associated PL intensity results are shown in Supplementary Fig. S6.
The PL intensity varies in a narrow rangewith no obvious peak shift
at same thickness, which proves the universality and repeatability
of the growth method. In Fig. 2a, PL intensity goes upward without
obvious peak shift as thickness increasing. The inset shows a linear
correlation between maximum PL intensity and MPB SCTFs thick-
ness. A related report shows that the surface band structure of
single crystal closely resembles that of the polycrystalline thin films
[38], which indicates that the diffusion of carriers in the surface is
limited compared with bulk region. Thereby more charged carriers
will be promoted to generate fluorescence in surface layer, whereas
more charged carriers tend to diffuse freely in the bulk region,
Fig. 2. Steady state photoluminescence (PL) and time-resolved photoluminescence (TRPL
measurement is under 473 nm laser in air at room temperature. (b) PL average lifetime of MP
temperature. (c) The variation of three decay process lifetimes (t1, t2, t3) in MPB SCs with d
process and three layer (surface layer, surface-bulk transition layer, and bulk region) proport
of surface layer range in MPB SCs with different thicknesses. (f) The variation of surface rec
SCTFs, single crystals thin films.
which showing different PL intensity between surface layer and
bulk region in PSCs. Thus, the positive correlation between
maximum PL intensity and MPB SCTFs thickness in Fig. 2a indicates
that the surface layer region will shows a gradual expansion with
MPB SCTFs' thickness increasing, which is an unreported but very
instructive phenomenon.

To explore the variation of carrier lifetime and confirm the
gradual changes of surface layer in MPB SCs with different thick-
ness, we carried out TRPL tomeasure the PL decay under 532 nm ps
laser in air. For each thickness, five samples were measured for
comprehensiveness and accuracy. Supplementary Figs. S7eS15
show the PL decay traces of MPB SCs with different thickness.
Each PL decay trace can be fitted with tri-exponential decay func-
tion and the carrier lifetime in three decay processes (including
fast, middle and slow process) can be obtained [39]. The carrier
lifetimes (t1, t2, t3), fractional contributions (f1, f2, f3) and calculated
average carrier lifetime (tave ¼ t1f1 þ t2f2 þ t3f3) [40] are shown
in Supplementary Tables S3eS11. The dependence of tave with MPB
SCs thickness is shown in Fig. 2b. With thickness increasing from
1.47 mm to 10.55 mm, the tave exhibits a thickness-dependent single
exponential decay (attenuated from 70 ns to 30 ns) and then re-
mains stable (maintained at around 30 ns) when the thickness
ranges from 10.55 mm to 3500 mm.

It is necessary to discuss the relationships between the pa-
rameters of t1, t2, t3, f1, f2, f3 and MPB SCs thickness. The short
lifetime (t1) corresponds to exciton recombination occurring in
surface layer; the middle lifetime (t2) corresponds to electron-hole
pair recombination occurring in surface-bulk transition region, and
the long lifetime (t3) corresponds to free carrier recombination
occurring in bulk region of MPB SCs [41]. As shown in Fig. 2c, with
thickness increasing, t1, t2, t3 reduce first, and then become stable
(t1 changes from 8 ns to 2 ns, t2 decreases from 27 ns to 12 ns, and
t3 falls from 100 ns to 70 ns). It is noteworthy that the turning point
from decay to stable is at 10.55 mm, which is consistent with tave.

The variations of fractional contribution (f1, f2, f3) with different
thicknesses are shown in Fig. 2d. The f1, f2, f3 represent the con-
tributions of t1, t2, t3 to tave and show varying trends with thick-
ness [42]. The f1 and f2 both exhibit a slow-growth tendency
first and then become stable as thickness increases. However, the f3
) characterization. (a) Steady state PL of MPB SCTFs with different thicknesses. The
B SCs with different thicknesses. The measurement is under 532 nm laser in air at room
ifferent thicknesses. (d) The variation of fractional contribution (f1, f2, f3) in three decay
ion in optical penetration depth of MPB SCs with different thicknesses. (e) The variation
ombination velocity and surface defects density in MPB SCs with different thicknesses.
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shows single exponential decay. This indicates that as thickness
increases, the fractional contribution of surface layer and surface-
bulk transition layer increases gradually, as well as their influence
on tave. Conversely, the fractional contribution of bulk region re-
duces. Therefore, the fractional contribution (f1, f2, f3) can be
approximated as the proportion of each layer in optical penetration
depth [40]. Thus, the changing contribution of each layer to tave can
also be expressed in Fig. 2d, [42]. The absorption coefficient (a) of
MPB SCs is around 88,000 cm�1 at 532 nm and the optical pene-
tration depth (d) at 532 nm can be calculated to be 113 nm [32].
Based on this assumption, the surface layer range with different
thickness can be calculated, and the results are shown in Fig. 2e. It
shows that the surface layer first gradually increase from 12 nm to
31 nm and then maintains stable when crystal thickness is larger
than 10.55 mm.

Exploring the variation of surface layer is helpful to understand
carrier transfer behavior. Surface recombination velocity and sur-
face defects density are important parameters for judging surface
properties. These two parameters can be calculated according to
the following equations: [38,43]

1=tS ¼1=tB þ aS (1)

S¼ snthNt (2)

where tS is surface lifetime (t1), tB is bulk lifetime (t3), a is ab-
sorption coefficient, S is surface recombination velocity, s is a
typical recombination surface cross section in semiconductors
(z10�15 cm�2), nth is the carrier thermal velocity
(z3.7� 107 cm s�1), andNt can be considered as the surface defects
density. As shown in Fig. 2f, both S and Nt show similar trend with
the surface layer range in Fig. 2e. Assuming the defects are evenly
distributed in the surface layer [44], the calculated S and Nt displays
the gradual expanding of surface layer range with crystal thickness
increasing. This indicates that carrier transfer inMPB SCs is efficient
and better photoelectric performance can be achieved in thin
crystal owing to narrow surface layer range. The thickness-
dependent fluorescence characteristics and surface layer range
will be helpful for the optimization of photovoltaic devices based
on MPB SCs.
2.3. JD-V characterization and carrier mobility of MPB SCs with
different thickness

It is worthwhile mentioning that surface carrier mobility of MPB
SCs is related to surface layer properties [43]. To investigate the
inherent reason of thickness-dependent fluorescence characteris-
tics, an Au/MPB SCs/Au device is prepared to measure the surface
carrier mobility through horizontal space charge limited current
(SCLC) method, and the schematic diagram is shown in Fig. 3a.
Fig. 3. JD-V characterization, trap density, trap-free carrier mobility of MPB SCs with differen
Characteristic JD-V trace of MPB SCs with different thicknesses. (c) The trap density and tra
films.
100 nm thick gold electrode is deposited on MPB SCs, with the
length of 480 mm andwidth of 110 mmbetween two electrodes. The
optical image of the device is show in Supplementary Fig. S16. Once
the depletion width, in which the free carrier density shows uni-
form distribution, is larger than the optical penetration depth, the
carrier mobility obtained from SCLC can be used to characterize the
surface layer properties [43]. The depletion width (W) of Au/MPB
SCs Schottky junction can be calculated [45]:

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2εε0ðfbi � VÞ

qN

s
(3)

where ε is the static dielectric constant of MPB SCs (around 4.8)
[46], ε0 is the permittivity of free space, fbi is the built-in potential
of Au/MPB SCs schottky junction and is equivalent to the voltage
(around 0.03 V) at which the photocurrent (JLight - JDark) becomes
zero [47] as shown in Supplementary Fig. S17a, V is the applied bias,
and N is the free carrier density at the edge of the depletion layer
(around 7.15 � 1013 cm�3) [31]. The calculated depletion width
changes with free carrier density and applied voltage is shown in
Supplementary Fig. S17b. Even with a small applied bias of 1 V, the
depletion width is greater than 300 nm, much larger than the op-
tical penetration depth (about 113 nm) at 532 nm. It indicates that
horizontal SCLC is an effective method to characterize the surface
layer properties of MPB SCs.

The dark current JD-V traces for each thickness MPB SCs are
shown in Fig. 3b. It can be observed that the trap-filled limit voltage
(VTFL) increases gradually as MPB SCs becoming thicker. The
detailed information of JD-V traces with different crystal thickness
is shown in Supplementary Figs. S18e26. In the JD-V trace, it shows
three different regimes: ohmic regime (red line) at low bias; trap-
filled regime (black line) with a starting point (VTFL), which in-
dicates all the traps are filled at this bias; Child regime (blue line) at
high bias. The trap density (nt) and carrier mobility (m) could be
calculated based on the following equations: [48,49]

VTFL ¼ entL2
.
ð2εε0Þ (4)

JD ¼9εε0mV
2
b

.�
8L3

�
(5)

where L is the distance between two electrodes (110 mm), ε is
relative dielectric constant of MPB SCs (about 4.8) [46], ε0 is the
vacuum permittivity, JD is the current density at the applied voltage
Vb, which is the bias between trap-filled regime and Child regime.
The calculated trap density and carrier mobility for each thickness
are shown in Supplementary Figs. S18e26, and their relationship
with MPB SCs thickness is shown in Fig. 3c. The trap density from
SCLC shows the same trend as surface defects density (Fig. 2f) and
t thickness in dark at room temperature. (a) Schematic diagram of MPB SCTFs device. (b)
p-free carrier mobility of MPB SCs with different thickness. SCTFs, single crystals thin
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surface layer range, and the carrier mobility also exhibits a single
exponential decay (attenuated from 97 cm2 V�1 S�1 to
57 cm2 V�1 S�1) consistantwith tave, which confirm that the surface
layer gradually expands with MPB SCs thickness. It is worth noting
that defect density and carrier mobility are stable after when
thickness is higher than 10.55 mm, while showing a significant
thickness dependence when it is less than that.

2.4. The mechanism of carrier transfer in MPB SCs

We thus propose a three-layer carrier transfer model in MPB SCs
for elaborating the carrier transfer process. Fig. 4a shows the carrier
transfer process in surface layer, surface-bulk transition layer and
bulk region in MPB SCs after single photon absorption [43,50]. First,
when excitation laser (532 nm) is focused on MPB SCs surface, the
electron in valence band (VB) will absorb energy and jumps to
conduction band (CB), producing initial photoexcitation carriers
[40]. Then the carriers in surface layer will gradually diffuse into
bulk region with time. Because recombination process occurs
simultaneously with carrier diffusion motion, some carriers occur
exciton recombination in surface layer, and the carrier lifetime in
this process is short lifetime t1 (surface lifetime tS) [29]. Owing to
inevitable surface defects (such as uncoordinated dangling bonds of
surface atoms, ion deletion, and so on), much more carriers will be
trapped and occur non-radiative recombination in surface layer,
eventually generating heats instead of fluorescence [51,52]. Then,
the remaining carriers diffuse into surface-bulk transition layer,
and emit fluorescence under electron-hole pairs recombination,
which corresponds tomiddle lifetime t2 [52]. There is still a portion
of electron-hole pairs that undergoes non-radiative recombination
after being trapped in this region owing to unavoidable volume
defects (such as lead vacancies, MA-lead antisite substitutions)
[53]. Finally, some carriers with a longer diffusion distance become
free carriers and come into bulk region, with emitting fluorescence
through band to band recombination. The bulk region in MPB SCs
Fig. 4. The mechanism of carrier transfer and surface layer evolution in MPB SCs. (a)
Schematic diagram of three-layer carrier transfer model in MPB SCs after single photon
absorption. (b) Schematic diagram of gradually expanding of surface layer in MPB SCs
with different thickness.
has a very low defects density compared with surface layer, and
therefore the radiative recombination in bulk region owns a long
lifetime t3 (bulk lifetime) [54]. The properties of MPB SCs surface
are different from those in bulk is mainly due to the electric field
generated near MPB SCs surface via spontaneous separation of
halides ions and vacancies [29]. Especially, the ions and vacancies
are more concentrated on MPB SCs surface layer compared with
bulk region. It indicates that efficient carrier transfer and long
carrier lifetime in MPB SCs can be achieved through weakening the
influence of surface layer.

The aforementioned variation of surface layer range in MPB SCs
is presented in Fig. 4b. The excitation laser is focused on MPB SCs
surface, and the mainly influenced region (green focus) is concen-
trated in the range of optical penetration depth (around 113 nm)
from surface to bulk. As crystal thickness increasing from 1.47 mm to
10.55 mm, the surface layer (deep color layer) slowly expands from
12 nm to 31 nm.WhenMPB SCTFs thickness is larger than 10.55 mm
and goes up to 800 mm, 1500 mm and 3500 mm, the surface layer
range remains stable around 31 nm. The surface defects (trap)
density from TRPL and SCLC measurement proved that with MPB
SCTFs thickness increasing from 1.47 mm to 10.55 mm, the halides
ions and vacancies density gradually increase, which leads to an
enhancement of electric field generated near surface layer. Owing
to halide vacancies controlling the properties of surface [29], the
surface layer range shows slowly expanding with MPB SCTFs
thickness increasing. After MPB SCs thickness larger than 10.55 mm,
the electric field generated near-surface layer may become steady
and lead surface layer range remaining stable [29]. This indicates
that the MPB SCTFs will show MPB SCBK properties after a turning
point around 10.55 mm, and the carrier lifetime and carrier mobility
show significant thickness dependence in MPB SCTFs with thick-
ness less than 10.55 mm.
3. Conclusion

In summary, we demonstrated the dependence of carrier life-
time andmobility on perovksite single crystal thickness. The carrier
lifetime reduces from 70 ns to 30 ns and carrier mobility decreases
from 97 cm2 V�1 S�1 to 57 cm2 V�1 S�1 in MPB SCs as the crystal
thickness increasing from 1.47 mm to 10.55 mm, and both parame-
ters become stable after that. The evolution mechanism may be
attributed to the variation of surface layer thickness with the
increasing of crystal thickness. Besides, the calculated surface
recombination velocity and surface defects (trap) density also show
crystal thickness dependance, which explains the trend and char-
acteristic of carrier lifetime. Finally, a three-layer carrier transfer
model of MPB SCs was proposed to clarify the dynamic carrier
transport properties in MPB SCs. This work provides guidance for
the further studies of carrier transfer and optimization strategies
for optoelectronics based on perovskites.
4. Materials and methods

4.1. Materials

The lead bromide (PbBr2) (99%, Aladdin), N, N-Dimethylforma-
mide (DMF) (99.5%, Aladdin), methylamine solution (40% aqueous
solution, Aladdin) and trichloro octadecyl silane (>85.0% [GC],
Aladdin) were purchased from Aladdin. The hydrobromic acid
(HBr) (40% aqueous solution), ethanol absolute, and diethyl ether
were purchased from Sinopharm Chemical Reagent Co., Ltd. All
materials were used as received without further purification.
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4.2. Synthesis MABr

The MABr was synthesized through the reaction of HBr acid
solution (44 mL) with methylamine solution (30 mL) in an ice bath
for 2 h with stirring. Then the solvent was removed to recover the
white powder by rotary evaporation at 60 �C. Then, the white
powder (MABr) was recrystallized from ethanol absolute and
diethyl ether for three times. Finally, the MABr was collected by
filtration and dried at 60 �C in a vacuum at least 12 h.
4.3. Synthesis of MPB SCTFs

The substrate (Si/SiO2 and glass) and coverslip
(24 mm � 24 mm) were cleaned by rinsing with deionized water,
ethanol, acetone, isopropanol in turn. After dried with N2 gas, the
substrates and coverslip were exposed to UV-O3 for 20 min. Then,
the substrates and coverslip were immersed in hexane and tri-
chloro octadecyl silane mixture (500:1) to produce a hydrophobic
surface. Then, the substrates and coverslip were rinsed with
acetone for 30 s and dried with N2 gas. Thereafter, 10 mL MAPbBr3
precursor solutionwith different concentrationwas dropped on the
hydrophobic-treated substrate, and it was covered by hydrophobic-
treated coverslip. MPB SCTFs were achieved at room temperature
for 2 days as the solvent slowly evaporates.
4.4. Synthesis of MAPbBr3 SCBK

MPB SCBK was grown from 1.5 M solution containing PbBr2
(1.5 mmol) and MABr (1.5 mmol) in DMF (10 mL) using the
ITC method in accordance with our pervious report [30]. First, the
MAPbBr3 precursor solution was prepared at room temperature by
mixing these two materials completely. Then it was filtered by a
PTFE filter (0.22 mm) for a clear solution. Then, the clear solution
was undisturbed kept in an oil bath with gradually raising oil
temperature from 25 �C to 75 �C for MPB SCBK growth. Finally, MPB
SCBK with 800 mm,1500 mm, and 3500 mm thickness were obtained
by controlling the growth time from 1 h to 3 h.
4.5. Characterization of MAPbBr3 single crystal

Three-dimensional (3D) pseudo color plots of MPB SCTFs were
obtained by using a KEYENCE VK-X200 3D laser scanning micro-
scope. The SEM image and EDS mapping results of MPB SCTFs were
measured from a Phenom Pro-X. The XRD measurement was per-
formed by using a BRUKER D8 FOCUS. Raman spectrum measure-
ment was conducted by using a HORIBA Scientific Raman
spectrometer. The absorption spectrum were recorded from an
Agilent Cary 5000. Steady state PL spectrum was obtained by a
HORIBA Scientific Raman Spectrometer with 2.55 mW cm�2 laser
intensity at 473 nm. TRPL: The MPB SCTFs and MPB SCBKs were
measured from home-built confocal microscope (with objective
lens N.A. ¼ 0.4) using a pulsed supercontinuum laser (OYSL Pho-
tonics, SC-Pro, 150 ps pulse lengths) at 2 MHz repetition rate. The
pump wavelength was 532 nm and laser power density is
6312 mW cm�2 with laser lines filter (Semrock). The Pump scatter
light from pump laser to the detector was filtered out using long-
pass filter with a 532 nm edge (Semrock). The PL was detected by
SPCM-AQRH Single Photon Counting Module (SPCM-AQRH-15,
Excelitas Technologies) and the lifetime module was TimeHarp
260 P (PicoQuant). The J-V characteristic curves of MPB SCs with
different thickness were obtained by using a Keithley 4200A
semiconductor parametric analyzer (Tektronix) and a C-100 probe
station from TPSi Company in air at room temperature.
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