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High-Quality Cuboid CH3;NH;Pbl; Single Crystals for High
Performance X-Ray and Photon Detectors

Fei Ye, Hong Lin, Haodi Wu, Lu Zhu, Zhanfeng Huang, Dan Ouyang, Guangda Niu,

and Wallace C. H. Choy*

Organic—inorganic halide hybrid perovskite materials are promising materials
for X-ray and photon detection due to their superior optoelectronic proper-
ties. Single-crystal (SGC) perovskites have increasingly attracted attention
due to their substantially low crystal defects, which contribute to improving
the figures of merit of the devices. Cuboid CH;NH;Pbl; SGC with the natu-
rally favorable geometry for device fabrication is rarely reported in X-ray and
photon detection application. The concept of seed dissolution-regrowth to
improve crystal quality of cuboid CH;NH;Pbl; SGC is proposed and a fun-
damental understanding of the nucleation and growth is provided thermo-
dynamically. The X-ray detector fabricated from cuboid CH;NH;Pbl; SGC
demonstrates the firstly reported high sensitivity of 968.9 pC~' Gy~' em2
under -1V bias. The results also show that the favorable crystal orienta-
tion and high quality of cuboid CH;NH;Pbl; leads to better responsivity and
faster response speed than the more common dodecahedral CH;NH;Pbl;
in photodetection. Consequently, the work paves a way to synthesize high-
quality perovskite SGCs and benefits the application of MAPbI; SGCs with

dose limit, and thus minimizes radiation
exposure. Comparing with polycrystalline
films, single-crystal (SGC) perovskites
offer superior advantages in X-ray detec-
tion because the density of grain bounda-
ries and defects are substantially reduced,
leading to high charge carrier mobility
and lifetime product (ut) benefiting sen-
sitivity enhancement.'"2 CH;NH;PbBr;
(MAPDBr;) SGCs have been reported to
exhibit superior X-ray attenuation capa-
bility and sensitivity in X-ray detection
comparing with commercial o-Se X-ray
detectors.'?b<3]  In  comparison with
MAPDbBr;, CH;NH;PbI; (MAPbI;) also
has promising application in X-ray detec-
tion because of its higher ut product and
atomic number Z.* Since X-ray absorp-
tion coefficient is proportional to Z*, the
X-ray attenuation of MAPDI; is improved,

preferred crystal orientation and favorable crystal geometry for emerging

device applications.

1. Introduction

Organic—inorganic halide hybrid perovskite materials in the
formula of ABX; (A = Cs*, CH3;NH;", HC(NH,),"; B = Pb?,
Sn?*; X = CI, Br, I, etc.), have attracted tremendous attention
in optoelectronic applications because of their high absorption
coefficient, long electron-hole diffusion length, high hole/elec-
tron mobility, direct and tunable bandgap, etc.!l Meanwhile,
perovskites can be potential candidates as X-ray detectors
widely applied in medical diagnosis and security purposes.
X-ray detector with high sensitivity is crucial for lowering X-ray
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as a result, the required crystal thickness
for stopping 98% X-ray can be shortened
by 50% (2 mm for MAPbBr; and 1 mm
for MAPDI;)" which largely reduce the
amount of Pb content to meet EU RoHS regulation limit.2¢l
Although thick CH;NH;PbI; films have been reported to be
effective in X-ray detection,™ the study of CH;NH;Pbl; SGC
X-ray detectors is rather limited because the natural geometry
of MAPbI; SGCs is usually nonrectangular dodecahedrons
(d-MAPbI;, with {100} and {112} facets exposed),**>! which is
not as feasible as cuboid-shaped SGCs (such as CH;NH;PbBr;
SGC) for device fabrications, especially for flat-panel arrays.
Although ligand-mediated strategy was used to obtain cuboid
MAPDI; (c-MAPDI;, with {110} and {001} facets exposed)
SGCs, the residual ligands degrade the device performances.!®!
For the case without ligands, the shape of MAPDbI; SGCs can
be adjusted by tuning the proportion of halogen in the pre-
cursor to control the low-index-facet growth with high halogen
density, but the optoelectronic properties and device applica-
tions are still missing probably due to the poor crystal quality.!
Consequently, while cuboid-shaped MAPbI; SGCs with natural
favorable geometry for device fabrications are rarely studied, it
is highly desirable to develop the strategy to obtain high-quality
c-MAPbI; and investigate the effects of crystal facets orientation
on physical properties and optoelectronic applications.

We herein report a new seed dissolution-regrowth (SDR)
method to synthesize high-quality c-MAPDI;, which improves
crystal quality by improving the structural matching between
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the seed and the subsequently deposited crystal to lower the
required Gibbs free energy for nucleation. Our results show that
¢-MAPDI; synthesized with SDR had a long carrier lifetime of
497 ns, and its X-ray detector yielded a sensitivity of 968.9 uC™
G, ' cm™ under —1 V bias, higher than that of MAPbBr; SGCs
counterpart. This is the first report of c-MAPbI; SGCs applica-
tion in X-ray detection with the promising sensitivity. By com-
paring the X-ray and photon detection performances of ¢- and
d-MAPDI; SGCs, we found that c-MAPDI; performs better than
d-MAPbDI; due to its conducive preferred crystal orientation for
charge carrier diffusion and collection originated from the high
quality of c-MAPDI; SGCs by SDR. Overall, our work paves the
way to synthesize high-quality perovskite SGCs and demon-
strate the advantages of MAPbI; SGCs with preferred crystal
orientation for device applications.

2. Results and Discussion

Typically, -MAPbI; SGCs were synthesized with inverse tem-
perature crystallization (ITC), as depicted in the Supporting
Information. In brief, the precursor with excess halogen
(typically the molar ratio of Pbl, and CH3;NH;I (MAI) equals
1:2) is seeded and then gradually heated. Since the precursor
solubility changes opposite to temperature, perovskite solute
precipitates to expand the c-MAPbI; seed dimension in the
heating process. The cubic shape results from the preferred
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growth of halogen-crowded (100) facet over (110) facet in hal-
ogen-rich precursor. However, there are concerns about the
poor quality of the crystals prepared by this method because of
the defects or impurities on the seed surface, which serve as
centers for heterogeneous nucleation. As shown by the scan-
ning electron microscope (SEM) image in Figure 1a, a distinct
gap (=10 um in width) full of pin holes and grain boundaries
exists between the seed and the subsequently crystallized part.
The SEM image was taken from the region highlighted by the
red rectangle in the inset, which shows the cuboid shape of
the crystal but nonuniform surface. SEM image of c-MAPDI;
at low magnification is shown in Figure Sla in the Supporting
Information. After polishing off the crystal surface with 1800
mesh sandpaper to expose the inner crystal, we discovered that
¢-MAPDI; composed of a cluster of smaller cuboid crystals with
loose structure, as shown in Figure 1b. The poor crystal quality
of c-MAPDI; SGC will lead to poor optical and electrical prop-
erties, explaining its rare application in optoelectronic devices.
Differently, SDR process, as depicted in the Supporting
Information, is proposed to improve the crystal quality of
c-MAPbDI;, and the schematic diagram is shown in Figure S2
in the Supporting Information. The difference between SDR
and ITC is that the precursor after seeding (Figure S2(I), Sup-
porting Information) is kept at a relatively low temperature
(110 °C) for 15 min first (Figure S2(II), Supporting Informa-
tion), and then gradually heated to target temperature (135 °C)
and incubated for seed regrowth (Figure S2(III), Supporting

Figure 1. a) SEM image of c-MAPbI; SGC synthesized by typical ITC showing the gap full of grain boundaries and pin holes between the seed and the
subsequently deposited part. The inset is the photograph of c-MAPbl; SGC by ITC, with the red rectangle indicating the site the SEM image taken. b)
SEM image of the center part of c-MAPbI; SGC by ITC, which was exposed by polishing the c-MAPbl; SGC with sandpaper. c) SEM image of c-MAPbl;
SGC synthesized by SDR showing the uniform morphology and dense structure without gaps observed between the seed and the subsequently depos-
ited crystal. The inset is the photograph of c-MAPbI; by SDR. d) TEM image of c-MAPbl; SGC by SDR, and the lattice structure in the inset is the SAD
pattern yielding the typical (110), (112), and (002) facets of tetragonal phase.
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Figure 2. a) Schematic diagram illustrating the balance between the seed and the nucleus.
b) llustration for the gap defects formation between the seed and the subsequently deposited
crystal with ITC synthesis. c) Illustration of the crystal quality improvement by enhancing the
structural consistence between the seed and nucleus to avoid gap defects formation.

Information). As the SEM images shown in Figure 1c and that
at low magnification in Figure S1b in the Supporting Informa-
tion, ¢-MAPbI; SGC synthesized by SDR has uniform mor-
phology and dense structure without gaps between the seed
and the subsequently deposited crystal, confirming the specular
reflection of ¢-MAPbI; SGC surface in the inset of Figure 1c.
As shown in Figure 1d, the lattice structure in the transmis-
sion electron microscope (TEM) image of ¢-MAPbI; SGC, and
the distinct diffraction lattice of selected-area diffraction (SAD)
pattern in the inset suggests good crystallinity of the SGC. The
SAD yields the typical (110), (112), and (002) facets, indicating
the c-MAPbI; SGC belongs to tetragonal phase.

In order to understand the crystal quality improvement by
SDR, we have studied the seeding and nucleation process ther-
modynamically. Generally, seeding will cause a great reduction
of the required free energy (AGg) for nucleation by providing
ready-made surface of the seed. Considering the fact that one
third of surface energy (AGs) resulting from the formation of
a new surface for homogeneous nucleation remains without
being supplemented by unit volume free energy (AGy), the
residual surface energy (AGs) needs to be compensated addi-
tionally.”] While for heterogeneous nucleation with seeding,
AGy relates to not only AGg but also the wettability (depicted
by contact angle, 6) between nucleus and the seed surface,
expressed as

Therefore, AGy is reduced in comparison with homogeneous
nucleation since the wettability-related factor in the parenthesis
is normally in the range of 0-1.] In equilibrium, the contact
angle can be expressed by the following:

2—3cos6 + cos’0

1
AGy == AG 1
k=3 s( y) (1)

O3 —OuB
Oo1

cosf =

(2)

where, oyp is the surface energy between liquid precursor and
seed surface, o, is that between nucleus and seed surface,
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match with the nucleus. As a result, AGg still
maintains at a high value, making it diffi-
cult to nucleate directly on seed surface. The
impurities thus serve as nucleation centers
and are wrapped by deposited perovskites.
Due to their structural similarity (6 — 0),
cuboid perovskite deposits subsequently on wrapped perov-
skites with the same crystal orientation. Thus, c-MAPbI; SGCs
grown by ITC with grain boundaries- and pinhole-rich gap
sandwiched by the seed and the subsequently deposited perov-
skites, as shown in Figure la. In contrast for SDR, the seed
dissolves and shrinks in the unsaturated precursor at the low
temperature stage to remove the surface impurities (Figure 2c),
which substantially decreases o, (6 — 0) and improves struc-
tural consistence between the seed and the nucleus to lower
AGy for directly depositing perovskite on seed surface, avoiding
gap defects formation between the seed and the subsequently
deposited perovskites. We thus conclude that SDR has advan-
tage in removing unfavorable defects in the final c-MAPbI; by
improving structural consistency during crystal growth. SDR
also benefits the attachment of c-MAPDI; on APTES((3-ami-
nopropyl)triethoxysilane)-NH;I functionalized Si substrates,
which was reported to be effective in integrating MAPbBr;
SGCs on substrates,” due to the improved structural matching
between the seed facets and the new precipitates when —NH;I
group reacted with Pbl, in the solution, as shown in Figure S3
in the Supporting Information, which will make it feasible the
integration of the cuboid crystals with thin-film substrates to
form flat-panels.

To study the advantage of properties and device applications
of c-MAPDI; SGCs, we synthesized d-MAPDbI; SGCs for control,
with detailed synthesis depicted in the Supporting Information.
Powder X-ray diffraction (XRD) pattern in Figure 3a indicates
the crystal structures of ¢- and d-MAPDI; belong to the tetrag-
onal 14 cm space group regardless of their different crystal ori-
entations. SGC X-ray measurement of ¢-MAPbI; shows only
(110) series of diffraction peaks, suggesting the upper facets
of c-MAPbI; in the inset composed of (110) facet. XRD pattern
of d-MAPDI; indicates the upper rhombic facet in the inset to
be (100) series. The tetragonal (110) surface of MAPDI; is flat
nonpolar facet consisting of alternate stacking of the neutral
[MAI]? and [PbI,]° planes, and the tetragonal (100) surface is
constructed with stacking of the [MAPbIJ?>* and [I,)*~ layers.l®l
Therefore, c-MAPDI; and d-MAPDI; SGCs have totally different
crystal orientations and unit cell stacking although they are

(3 0f7) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) XRD pattern of c- (upper line) and d-MAPbI; SGC (middle line) and powder XRD pattern of MAPbl; (bottom line). The insets correspond
to the photograph of c- (upper) and d-MAPbl; SGC (middle), respectively. b) UV-vis absorption spectra of c- and d-MAPbl; SGCs. The inset is the
corresponding Tauc plots displaying the extrapolated optical bandgaps. c) Steady PL spectra of c- and d-MAPbl; SGCs. d) TRPL dynamics of c- and

d-MAPbI; pumped with the same light wavelength and intensity.

both in tetragonal phase. As the ultraviolet-visible (UV-vis)
absorption spectra shown in Figure 3b, ¢- and d-MAPDbI; SGCs
display an extended optical absorption cutoff to =850 nm, which
are redshifted about 60 nm comparing with that of regular
polycrystalline perovskite films (=790 nm). The inset is the cor-
responding tauc plots displaying the extrapolated optical band-
gaps of 1.5 eV, smaller than polycrystalline bandgap of =1.55 eV,
in accordance with reference that larger crystallites present
smaller bandgap.’! The steady photoluminescence (PL)
spectra shown in Figure 3c revealed two emission peaks of 794
and 843 nm, with the former representing the direct bandgap
emission of perovskites and the latter the below-bandgap
emission.?*!% Meanwhile, both peaks of c-MAPbI; are much
higher than that of d-MAPDI;. Note that the shorter wavelength
emission can be re-absorbed since the light absorption range of
MAPDI; SGCs was broadened to =850 nm, which explained its
weaker strength than that of the longer wavelength emission.
The time-resolved photoluminescence (TRPL) dynamics of
c- and d-MAPDI; are shown in Figure 3d, pumped with the
same light wavelength (532 nm) and intensity. The PL decay
curve of -MAPDI; yielded a lifetime (7) of 497 ns, well fitted
by single-exponential decay model, while that for d-MAPbI; is
only about 80 ns in average, comparative with the reference
reported.P’! The above results suggest the high crystal quality
of -MAPbDI; SGCs by SDR and its good electrical properties in
(110) orientation, which contributes to the long carrier lifetime
because no mid-gap states observed in the electronic structures
according to density functional theory calculation.!®!

Adv. Funct. Mater. 2019, 29, 1806984

1806984 (4 of 7)

Hole-only devices with the structure of Au/cuboid MAPbI;/
Au were fabricated to derive the trap density N, and hole
mobility . As shown in Figure 4a, the linear Current-voltage
(J-V) relation (n = 1) suggests an ohmic response at the low
bias (<2.9 V); a trap filling process was identified by the marked
increase of the current injection (n > 3). N; of cMAPbI; SGC
was calculated to be 1.14 x 10° cm3, which is about an order
of magnitude lower than the reported trap density of the
d-MAPDI; SGCs (=1.4 x 10" cm™)B! and six orders of mag-
nitude lower than that of pollycrystalline perovskite films,“
suggesting the advantegeous crystal orientation and high
crystal quality by SDR. u was obtaind by fitting the dark cur-
rent of c-MAPDI; hole only devices according to Mott-Gurney
law when operating in the trap-free space charge limit current
(SCLC) regime (n =2), and a value of =293 cm? V! 571, which is
larger than that of d-MAPbI; SGCs (=164 cm? V™! s71)* and the
optimized MAPbBr; SGCs (=217 cm? V! s71),[113] was derived.
Using p and 7, the hole diffusion length (Lp) was derived to be
31 um for MAPbI; SGCs, which is higher than that previously
reported for d-MAPbI; SGCs (10 pum) and that of MAPDBr;
SGCs (4.3 um).B! Detailed calculations of N,, u, and Lp are
depicted in the Supporting Information.

The large mobility i and long charge carrier lifetime 7 yield
a desirable high ut production for c-MAPDI;, which offers the
better average carrier drift distance per unit electric field, and
thus enhances charge collection efficiency at a given electric
field. Experimentally, we employed the modified Hecht equa-
tion to fit the photoconductivity to derive the pt product, a

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) J-V curve of hole-only devices with the structure of Au/c-MAPbI;/Au to derive the trap density and hole mobility. b) Schematic diagram of
X-ray detector with T mm thick c- or d-MAPbI; SGCs sandwiched between chromium (Cr)/gold (Au) electrodes. c) Bias-dependent photoconductivity
of c-MAPbI; and d-MAPbI;. Hecht equation was used to fit the photoconductivity data. d) Current response of c- and d-MAPbl; SGC-based X-ray
detectors under -1V bias. e) Photocurrent-dose rate relation of c- and d- MAPbl; SGCs X-ray detectors under —1 V bias for the derivation of sensitivity.

f) Sensitivity of c-MAPbI; and d-MAPbl; under different biases.

method widely applied in semiconductor radiation detector.!!]
As shown in Figure 4c, the d-MAPbI; SGC had a ut product of
1.49 x 102 cm? V! and -MAPDI; SGC exhibited a higher value
of 3.26 x 1073 cm? V7!, which was consistent with the trend of
carrier mobility.

In addition, the heavier atomic number Z of iodine (53) for
MAPDI; than that of bromine (35) for MAPDbBr; can benefit
the absorption coefficient o for stopping X-ray, which is sensi-
tive to Z according to the relation a o«<Z*/E* M where F is the
X-ray photon energy. We therefore applied c-MAPbI; SGCs in
X-ray detectors, in which 1 mm thick ¢-MAPbI; SGCs (only
half of the reported MAPbBr; SGCsl'l) sandwiched between
two chromium (Cr)/gold (Au) electrodes with a mask area of
4 mm?, as shown in Figure 4b. The x-ray tube, with a tungsten
anode and a 2 mm Al plate as the filter, was conducted under
an accelerating voltage of 50 kV and the peak intensity located
at 30 keV. The X-ray spectrum shown in Figure S4 in the Sup-
porting Information. d-MAPbI; SGC-based X-ray detector with
the same device structure serves as a control to gain insight
on the effect of crystal orientation on device performance. As
shown in Figure 4d, c-MAPbI;-based X-ray detector has a good
photocurrent response of =1.5 x 107 A under —1 V bias, while
that for d-MAPbI; X-ray detector is about two orders of mag-
nitude lower. The sensitivity of X-ray detectors is evaluated
with dose rate in the range of 19.13-138.7 uGy s under -1 V
bias, as shown in Figure 4e. The sensitivity of c-MAPbI;-based
X-ray detector is about 968.9 UC Gy ! cm™ with linear fitting
(the solid line) and the sensitivity of d-MAPbI;-based X-ray
detector in this work is only =3.4 uC Gy ' cm™. The sensi-
tivity of c-MAPbDI3-based X-ray detector was higher than that of
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MAPDBr;-based device (322 uC Gy ! cm™2) under same bias.*d
It should be noted that the MAPbBr;-based device was illu-
minated by an Ag target X-ray tube with highest energy up to
50 keV and the peak energy at 22 keV. As we used a X-ray tube
with highest energy up to 50 keV and peak energy at 30 keV,
we think the test condition were basically the same. c-MAPbI;
X-ray detector obtained a higher sensitivity under higher photon
energy X-ray illuminated, which shown that the outstanding
performance of c-MAPbI; in X-ray detection. Upon enhancing
the bias to —13 V, the sensitivity of c-MAPDI; linearly increased
to 6218 uC Gy ' cm™2, as shown in Figure 4f. As for d-MAPbI;,
the sensitivity can only reach 1045 uC Gy~! cm™ under same
bias. The results confirm the high ut production originating
from the favorable crystal orientation and good crystal quality
and of c-MAPDI; by SDR.

Furthermore, we found the same superior advantages of
c-MAPDI; SGCs over d-MAPDI; SGCs in photodetectors. The
schematic diagram of the photodetector is shown in Figure 5a,
with the dimension of active channel between two adjacent
electrodes 4 mm x 100 um. J-V curves of the photodetectors
were measured in dark and under illumination using 550 nm
LED with light intensities ranging from 0.05 to 60 mW cm™2,
as shown in Figure S5a,b in the Supporting Information. For
c-MAPbI; SGC photodetector, the current rises from 10° A
in dark to more than 10™* A under 60 mW cm™2 illumination,
while that for d-MAPbI; SGC photodetector ranges from 1077
A to 10° A. The much lower dark current of c-MAPbI; SGC
photodetector than d-MAPbI; SGC photodetector results from
the good crystal quality by SDR. Responsivity (R, the photo-
current generated per unit of incident light power), external

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Schematic diagram of MAPbl; SGC photodetector, with the dimension of active channel between two adjacent electrodes as 100 um.
b—d) are responsivity (R), EQE, and detectivity (D¥), respectively, determined from the J-V results under -1 V bias, which were measured in dark and
under illumination using 550 nm LED with light intensities ranging from 0.05 to 60 mW cm=2, as shown in Figure S5 in the Supporting Information.
e) Response time of c- and d-MAPbI; SGC photodetectors under—1V bias measured with 590 nm light. f) Light response of c-MAPbl; SGC photodetectors

by continuously switching the light for 20 times every 15 s.

quantum efficiency (EQE), and detectivity (D*) (shot noise
limited) were determined from the J-V results under -1 V
bias, as shown in Figure 5b—d, respectively. The calculation
details are depicted in the Supporting Information. R, EQE,
and D* all decrease linearly with increasing light intensity
because more charge recombination is expected under higher
light intensity.?)R, EQE, and D* of c-MAPbI;-based photo-
detector are at least an order of magnitude higher than those
for d-MAPbI;-based one under all the light intensity. Highest
R, EQE, and D* for c-MAPbI; SGC photodetector are achieved
with values of about 2.6 x 10* mA W, 5700%, and 1.8 x
10" Jones, respectively, while those for d-MAPbI; SGC photo-
detector are 660 mA W', 140%, and 9.4 x 10'? Jones, respec-
tively. The results suggest that (110) orientation of c-MAPDI; is
much more sensitive in light detection than (100) of d-MAPDI;.
The rather high EQE (>100%) also suggests the photodetectors
belong to photoconductor type, in which one type of charge car-
rier is able to circulate through an external circuit many times
before it recombines with its opposite carrier.'” The response
time of ¢- and d-MAPbI; SGC photodetectors under —1 V bias
is shown in Figure 5e. Response time is the period when the
photocurrent increases from 90% to 10% of the saturated value.
A fast response of 68.9 us was obtained for ¢-MAPbI; SGC
photodetector, which confirms the high crystal quality with
SDR synthesis since the response speed of a photodetector is
strongly related to charge transport and collection. Meanwhile,
the response time for d-MAPbI; SGC photodetector is much
longer (139.7 ps), almost double that for c-MAPbI; SGC photo-
detector, and the voltage response is also lower than that of
¢-MAPbI; SGC photodetector. It should be noted that the phys-
ical mechanism of photodetector decay time is different from
that of PL lifetime. PL lifetime is measured under no external
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bias, and is influenced by the radiative and nonradiative recom-
bination rate. On the contrary, the detector decay time is meas-
ured under bias voltage, and is determined by the carrier transit
time (7 = d?/uU, where d is the carrier transit length and U is
bias)!¥ and trap lifetime.

In addition, as PL lifetime is influenced by nonradiative
recombination, the longer PL lifetime of perovskite is an indi-
cator of lower concentration of defect states.'*] Less defect can
avoid the carrier scattering effect, and thus result in higher
carrier mobility, which has been observed in many previous
works.®) In our case, we also found the carrier mobility of
c-MAPDI; (PL lifetime: 497 ns) is higher than d-MAPDI; (80 ns).
Moreover, we could qualitatively compare the detector response
time by calculating the carrier transit time. From the SCLC
results, we know that the u of d-MAPbI; is 121 cm? V! 57!
(see Figure S6, Supporting Information) and c-MAPDI; is
293 cm? V! s71. The transit time ratio between c-MAPbI; and
d-MAPbDI; is 1:2.4, which agrees well with the photodetector
decay time. These results suggest the poorer photodetection
ability of (100) orientation than (110) for MAPDI; perovskite. In
addition, we monitored the response time of ¢- and d-MAPbI;
SGC photodetectors under very low bias (0.1 V), as shown
in Figure S7 in the Supporting Information. We found that
¢-MAPDbI; SGC photodetector had fast response speed while
d-MAPDI; SGC photodetector did not respond effectively. This
implies that c-MAPbI; SGC photodetector has a rather wide bias
range of photodetection response. When we switch the incident
light for 20 times every 15 s, the measured response data follow
closely to the switching, indicating reliable light detection, as
shown in Figure 5f. Consequently, our c-MAPDI; photodetector
offer much better responsivity and faster response speed than
that of d-MAPDI; counterpart.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3. Conclusion

In summary, we demonstrate high-quality ¢-MAPbI; SGCs
by proposing SDR method, which improves crystal quality by
improving the structural matching between the seed and the
subsequently deposited crystal. Interestingly, very low trap
density, long carrier life time, and very high carrier mobility
have been achieved for c-MAPbI; SGC synthesized by SDR,
ensuring the promising applications in X-ray detector and
planar photodetector. X-ray detectors with SDR ¢-MAPbI; SGCs
showed a high sensitivity of 968.9 uC™ Gy™! cm™2 under -1 V
bias, which is the first report of c-MAPbI; SGC application for
X-ray detection. Based on the high crystal quality and favorable
crystal orientation, c-MAPDbI; photodetector showed better
responsivity and faster response speed than d-MAPDI; counter-
part. Our work provides a way to synthesize high-quality SGCs
and show the advantage of MAPbI; SGCs with preferred crystal
orientation for emerging device applications, which will provide
a guidance for further improving the performance of perovskite
devices through crystal orientation adjustment.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

F.Y.,, H.L, and H.W. contributed equally to this work. The authors
acknowledge the discussion and help of Dr. M. Jian and Z. F. Liang
in this work. The authors acknowledge Prof. Jiang Tang for his fruitful
discussion and arranging the X-ray measurement in Huazhong University
of Science and Technology. This work was supported by the University
Grant Council of the University of Hong Kong (Grant 104003113), the
General Research Fund (Grant 17211916, 17204117, and 17200518), and
the Collaborative Research Fund (Grants C7045-14E) from the Research
Grants Council of Hong Kong Special Administrative Region, China.

Conflict of Interest

The authors declare no conflict of interest.

Keywords
cuboid, perovskite, photodetector, single crystal, X-ray detector
Received: October 4, 2018

Revised: November 29, 2018
Published online: December 20, 2018

[11 a) Y. Lei, Y. Chen, Y. Gu, C. Wang, Z. Huang, H. Qian, J. Nie,
G. Hollett, W. Choi, Y. Yu, N. Kim, C. Wang, T. Zhang, H. Hu,
Y. Zhang, X. Li, Y. Li, W. Shi, Z. Liu, M. . Sailor, L. Dong, Y. H. Lo,
J. Luo, S. Xu, Adv. Mater. 2018, 30, 1705992; b) M. Spina, B. Nafradi,
H. M. Tohati, K. Kamaras, E. Bonvin, R. Gaal, L. Forro, E. Horvath,
Nanoscale 2016, 8, 4888; c) H. Zhu, Y. Fu, F. Meng, X. Wu, Z. Gong,
Q. Ding, M. V. Gustafsson, M. T. Trinh, S. Jin, X. Y. Zhu, Nat. Mater.

Adv. Funct. Mater. 2019, 29, 1806984

1806984 (7 of 7)

2015, 14, 636; d) S. A. Veldhuis, P. P. Boix, N. Yantara, M. Li,

T. C. Sum, N. Mathews, S. G. Mhaisalkar, Adv. Mater. 2016, 28,

6804; e) M. Saliba, S. M. Wood, |. B. Patel, P. K. Nayak, J. Huang,

J. A. Alexander-Webber, B. Wenger, S. D. Stranks, M. T. Horantner,

J. T. Wang, R. J. Nicholas, L. M. Herz, M. B. Johnston,

S. M. Morris, H. J. Snaith, M. K. Riede, Adv. Mater. 2016, 28,

923; f) Y. Fu, H. Zhu, A. W. Schrader, D. Liang, Q. Ding, P. Joshi,

L. Hwang, X. Y. Zhu, S. Jin, Nano Lett. 2016, 16, 1000; g) S. Yakunin,

M. Sytnyk, D. Kriegner, S. Shrestha, M. Richter, G. J. Matt, H. Azimi,

C. ). Brabec, J. Stangl, M. V. Kovalenko, W. Heiss, Nat. Photonics

2015, 9, 444; h) Y. C. Kim, K. H. Kim, D. Y. Son, D. N. Jeong,

J. Y. Seo, Y. S. Choi, I. T. Han, S. Y. Lee, N. G. Park, Nature 2017,

550, 87; i) H. Wei, Y. Fang, P. Mulligan, W. Chuirazzi, H. H. Fang,

C. Wang, B. R. Ecker, Y. Gao, M. A. Loi, L. Cao, ). Huang, Nat.

Photonics 2016, 10, 333; j) Y. Fang, Q. Dong, Y. Shao, Y. Yuan,

J. Huang, Nat. Photonics 2015, 9, 679; k) Y. S. Rim, Y. M. Yang,

S. H. Bae, H. Chen, C. Li, M. S. Goorsky, Y. Yang, Adv. Mater. 2015, 27,

6885; 1) F. Li, C. Ma, H. Wang, W. Hu, W. Yu, A. D. Sheikh, T. Wu, Nat.

Commun. 2015, 6, 8238; m) Z. Sun, L. Aigouy, Z. Chen, Nanoscale

2016, 8, 7377; n) Y. Liu, Z. Yang, S. F. Liu, Adv. Sci. 2018, 5, 1700471,

o) X. Chen, D. Li, G. Pan, D. Zhou, W. Xu, ). Zhu, H. Wang, C. Chen,

H. Song, Nanoscale 2018, 10, 10505; p) H. Zhang, Z. Yang, W. Yu,

H. Wang, W. Ma, X. Zong, C. Li, Adv. Energy Mater. 2018, 8, 1800795.

a) Z. Chen, Q. Dong, Y. Liu, C. Bao, Y. Fang, Y. Lin, S. Tang, Q. Wang,

X. Xiao, Y. Bai, Y. Deng, J. Huang, Nat. Commun. 2017, 8, 1890;

b) Y. Liu, Y. Zhang, K. Zhao, Z. Yang, |. Feng, X. Zhang, K. Wang,

L. Meng, H. Ye, M. Liu, S. F. Liu, Adv. Mater. 2018, 30, 1707314;

c) W. Wei, Y. Zhang, Q. Xu, H. Wei, Y. Fang, Q. Wang, Y. Deng,

T. Li, A. Gruverman, L. Cao, J. Huang, Nat. Photonics 2017, 11, 315;

d) P. Andri¢evi¢, M. Kollar, X. Mettan, B. N&fradi, A. Sienkiewicz,

D. Fejes, K. Hernddi, L. Forrd, E. Horvéth, J. Phys. Chem. C 2017, 121,

13549; e) W. Pan, H. Wu, J. Luo, Z. Deng, C. Ge, C. Chen, X. Jiang,

W. J. Yin, G. Niu, L. Zhu, L. Yin, Y. Zhou, Q. Xie, X. Ke, M. Sui,

J. Tang, Nat. Photonics 2017, 11, 726; f) |. Ding, L. Jing, X. Cheng,

Y. Zhao, S. Du, X. Zhan, H. Cui, J. Phys. Chem. Lett. 2018, 9, 216.

[3] M. I. Saidaminov, A. L. Abdelhady, B. Murali, E. Alarousu,
V. M. Burlakov, W. Peng, I. Dursun, L. Wang, Y. He, G. Maculan,
A. Goriely, T. Wu, O. F. Mohammed, O. M. Bakr, Nat. Commun.
2015, 6, 7586.

[4] Q. Dong, Y. Fang, Y. Shao, P. Mulligan, J. Qiu, L. Cao, ). Huang,
Science 2015, 347, 967.

[5] Y. Zhang, F. Q. Huang, Q. X. Mi, Chem. Lett. 2016, 45, 1030.

[6] M.-H. Jao, C.-F. Lu, P.-Y. Tai, W. F. Su, Cryst. Growth Des. 2017, 17, 5945.

[7] N.T. Thanh, N. Maclean, S. Mahiddine, Chem. Rev. 2014, 114, 7610.

[8] J. Haruyama, K. Sodeyama, L. Han, Y. Tateyama, J. Phys. Chem. Lett.
2014, 5, 2903.

[9] V. D’lnnocenzo, A. R. Srimath Kandada, M. De Bastiani,
M. Gandini, A. Petrozza, J. Am. Chem. Soc. 2014, 136, 17730.

[10] a) E. M. Hutter, M. C. Gelvez-Rueda, A. Osherov, V. Bulovic,
F. C. Grozema, S. D. Stranks, T. ). Savenije, Nat. Mater. 2017, 16,
115; b) T. Wang, B. Daiber, J. M. Frost, S. A. Mann, E. C. Garnett,
A. Walsh, B. Ehrler, Energy Environ. Sci. 2017, 10, 509; c) C. Motta,
F. El-Mellouhi, S. Kais, N. Tabet, F. Alharbi, S. Sanvito, Nat.
Commun. 2015, 6, 7026.

[11] C. C. Stoumpos, C. D. Malliakas, J. A. Peters, Z. Liu, M. Sebastian,
J. Im, T. C. Chasapis, A. C. Wibowo, D. Y. Chung, A. J. Freeman,
B. W. Wessels, M. G. Kanatzidis, Cryst. Growth Des. 2013, 13, 2722.

[12] G. Konstantatos, E. H. Sargent, Nat. Nanotechnol. 2010, 5, 391.

[13] L. Pautmeier, R. Ichert, H. Bissler, Philos. Mag. B 1991, 63, 587.

[14] M. Abdi-Jalebi, Z. Andaji-Garmaroudi, S. Cacovich, C. Stavrakas,
B. Philippe, J. M. Richter, M. Alsari, E. P. Booker, E. M. Hutter,
A. J. Pearson, S. Lilliu, T. J. Savenije, H. Rensmo, G. Divitini,
C. Ducati, R. H. Friend, S. D. Stranks, Nature 2018, 555, 497.

[15] Z. Dziuba, J. Antoszewski, ). M. Dell, L. Faraone, J. Appl. Phys. 1997,
82, 2996.

[2

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



