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Selective Surface Engineering of Perovskite Microwire Arrays

Dengji Li, You Meng, Yuxuan Zhang, Pengshan Xie, Zixin Zeng, Wei Wang,
Zhengxun Lai, Weijun Wang, Sai-Wing Tsang, Fei Wang, Chuntai Liu, Changyong Lan,

SenPo Yip, and Johnny C. Ho*

The surface of low-dimensional perovskites play a crucial role in determining
their intrinsic property. Understanding their characteristics and the influence
of certain surfaces is valuable in designing functional surface-engineered
structures. Meanwhile, surface passivation can also be applied to stabilize and
optimize the state-of-the-art perovskite-based optoelectronics. Herein, cesium
lead bromide (CsPbBr;) microwire parallel arrays are designed and fabricated
with specific (100)-terminated crystal planes, which exhibit excellent photode-
tection performance with long-term environment stability >3000 h. Notably,

it is uncovered experimentally and theoretically that environmental oxygen
can not only passivate the Br-vacancy-related trap states on the (100) surface,
but also create charge carrier nanochannels to enhance the (opto)electronic
properties. The coupling effects between oxygen species and the specific
terminated crystal planes of perovskites highlight the importance of surface
engineering for designing and optimizing perovskite-based devices.

1. Introduction

The surface of materials is the exposed
terminated crystal plane, which domi-
nates the physical/chemical properties of
micro- or nanoscale materials.! Specific
preferred surface engineering on cer-
tain crystal planes could be considered
the advanced process to understand and
manipulate the surface science? and
significantly affect the optoelectronic per-
formance of semiconductor devices.]’]
Compared to the bulk crystal, the all-
inorganic halide perovskites (HPs) micro/
nanowires have been demonstrated with
excellent optoelectronic properties attrib-
utable to their unique 1D structure and

D. Li, Y. Meng, Y. Zhang, P. Xie, Z. Zeng, W. Wang, Z. Lai, W. Wang,

S.-W. Tsang

Department of Materials Science and Engineering

City University of Hong Kong

Kowloon 999077, Hong Kong SAR

F. Wang

State Key Laboratory of Luminescence and Applications

Changchun Institute of Optics

Fine Mechanics and Physics

Chinese Academy of Sciences

Changchun 130021, P. R. China

C. Liu

Key Laboratory of Advanced Materials Processing & Mold

(Zhengzhou University)

Ministry of Education

Zhengzhou 450002, P. R. China

C. Lan

State Key Laboratory of Electronic Thin Films and Integrated Devices

University of Electronic Science and Technology of China

Chengdu 610054, P. R. China

S.Yip

Institute for Materials Chemistry and Engineering

Kyushu University

Fukuoka 8168580, Japan

J. C. Ho

State Key Laboratory of Terahertz and Millimeter Waves

and Hong Kong Institute for Advanced Study

City University of Hong Kong

Kowloon, SAR 999077, Hong Kong SAR

E-mail: johnnyho@cityu.edu.hk
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202302866.

DOI: 10.1002/adfm.202302866

Adv. Funct. Mater. 2023, 2302866

2302866 (1of 8)

potential contributions of surface engi-

neering.™ Tt is noted that the (100) planes
of HPs crystals have been experimentally proven to exhibit
higher carrier mobility and longer carrier lifetime than those of
other terminated surfaces.’! Meanwhile, based on the theoret-
ical simulation (Figure S1, Supporting Information), the (100)
surface of the HPs structure, for example, cesium lead bromide
(CsPDbBr3), indeed possesses the lowest surface bandgap energy
(1.92 eV) among all the surfaces, inherently broadening the
light-harvesting wavelength range.

On the other hand, surface passivation has also been devel-
oped to enhance the optoelectronic performance and long-
term stability of perovskites.l® Especially, environmental gases
are well known to have a considerable regulatory effect on
the optoelectronic properties of HPs surfaces.”] For instance,
the surface passivation of HPs with oxygen gas has been pro-
posed to enhance light-emission efficiencies and spontaneous
carrier recombination lifetimes, owing to the passivation to
traps induced by halide vacancies.l®) However, the surface engi-
neering and surface passivation on the specific surface of HPs
and the corresponding differentiation effect are still missing.
An in-depth understanding of the interaction between specific
HPs surfaces and surrounding environmental gases is essential
for the further performance enhancement of HP devices.

Herein, we successfully designed and realized the high-
quality CsPbBr; microwire (MW) parallel arrays with specifi-
cally terminated (100) surfaces. Based on these selective (100)
microwire surfaces, the fabricated photodetectors (PDs) exhibit
excellent optoelectronic performance with a high on/off ratio
of 5 X 10 a large responsivity of 263 A W, an impressive
detectivity of 1.06 x 10" Jones, fast rise and recovery times of
94 and 136 us. More importantly, these (100) surface-terminated
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CsPbBr; MW parallel arrayed PDs unveil outstanding long-
term ambient stability >3000 h. It is verified that oxygen passi-
vation enhances the performance of PDs, which is supported by
a series of surface characterization analyses. Through density
functional theory (DFT) calculations, we reveal that trap states
caused by surface bromine vacancy (Br-vacancy) can be elimi-
nated with oxygen passivation and thus significantly reduce the
nonradiative recombination, leading to better optoelectronic
performance. Besides, the occupied oxygen species can also
form a fast transfer nanochannel for the charge carriers, thus
enhancing the photocurrent. Our results highlight the selective
surface engineering strategy for achieving improved device per-
formance and long-term stability on HPs.

2. Results and Discussion

To date, several strategies have been explored to obtain 1D
HPs structures with desired morphology, such as capillary-
bridge-manipulated graphoepitaxy”? and substrate surface
energy-mediated growth.'”! Most recently, by using a capillary-
bridge assembly method, gradient bandgap-tunable single-
crystalline perovskite MWs arrays with pure crystallographic
orientation were produced to show improved color recognition
performances.'! Different from the above methods, the sur-
face-guided van der Waals epitaxial effect is utilized to obtain
the horizontal alignment of HPs MWs in this work.['?l Distinct

from previous related works,*l which mainly explored the for-

mation process and characterization of materials, our study
aims to investigate the role of crystal planes in determining
the optoelectronic properties of the CsPbBr; perovskite. Here,
using the chemical vapor deposition (CVD) process, high-
quality single-crystalline CsPbBr; MW parallel arrays are suc-
cessfully synthesized on muscovite mica substrates (more
experimental details in the Experimental Section). At the same
time, the schematic illustration of the growth system is dis-
played in Figure S2 (Supporting Information). Meanwhile, the
precise manipulation of CsPbBr; MW size and morphology
is achieved by optimizing the growth time, temperature, sub-
strate location, and other process parameters.

Figure 1a,b illustrate the employed growth model of CsPbBr;
MW arrays on mica substrates, in which triangular prism
MWs are found to grow along the [001] direction with specific
(100) exposed facets. The atomic arrangement with the (110)
plane of CsPbBr; on the (001) plane of mica is displayed in
Figure 1d (front view) and Figure S3 (Supporting Information)
(top view), in which the epitaxial growth of CsPbBr; satisfies
the orientation characteristics of CsPbBr;[001] // mica[010] and
CsPbBr3[110] // mica[100].>" Also, as shown in the atomic
force microscope (AFM) images in Figure 1c and Figure S4
(Supporting Information), the perovskite MW arrays exhibit
the unique triangular prism structure with a mathematical rela-
tionship between the height (H) and the width (W) of as-grown
CsPbBr; MW samples, i.e.,, H = 0.5 W. The scanning electron

Figure 1. Growth model and characterizations of CsPbBr; MW parallel arrays. a) Schematic diagram of the CsPbBr; MW parallel arrays on mica. b) Illus-
tration of the as-grown triangular prism microwire (coated with green color) in the cubic CsPbBr; unit cell structure, while the (110) plane is indicated
by dotted lines. c) AFM image of as-grown CsPbBr; MW arrays. d) The front view of the atomic arrangement of CsPbBr; MW on mica. e) Statistical
results about the morphology relationship of the fabricated perovskite MW, revealing the mathematic relationship of “Height = 0.5 Width”. f, g) SEM
images of the CsPbBr; MW arrays grown on mica. h) XRD pattern of the perovskite MW arrays grown on mica and the initial muscovite mica, together
with the standard XRD for cubic CsPbBr; (#54-0752).
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microscope (SEM) result further confirms that these triangular
prism MWs have smooth and flat surfaces with perfect hori-
zontal alignments lying on the substrates (Figure 1f,g).

Next, the energy-dispersive X-ray spectroscopy (EDS) map-
ping was carried out to analyze the elemental distribution
(Figure S5, Supporting Information), from which Cs and Pb are
uniformly distributed along the MW body. Meanwhile, O, K,
and Si are also evenly distributed in the whole scope except the
MW array, which is the characteristic signal of mica. Notably,
the energy of Al Koy is very close to that of Br Loy ,, where the
signals are hard to be distinguished. The corresponding EDS
spectrum indicates that the composition ratio of Cs, Pb, and Br
is close to 1:1:3 (Figure S6, Supporting Information), agreeing
with the stoichiometric ratio of CsPbBr;. In addition, the PL
pattern of the as-grown sample was also investigated, in which
the peak at the wavelength of 520 nm (Figure S7, Supporting
Information) agrees well with the cubic-phase CsPbBr; charac-
teristic peak.

The highly crystalline nature of the as-grown perovskite MW
arrays was further verified by X-ray diffraction (XRD) patterns
(Figure 1h), and the diffraction peaks at 21.6° and 43.05° agree
well with the (110) and (220) planes of cubic-phase CsPbBr;
(JCPDS #54-0752, pm3m, g = 5.83 A). The absence of extra dif-
fraction peaks from CsPbBr; strongly implies the van der Waals
epitaxial growth with the (110) lattice planes parallel to the mica
surface, directly confirming the growth model of perovskite
MWs grown on mica. Therefore, all these characterization
results demonstrate the specific (100) surface of cubic-phase
CsPbBr; perovskite MW arrays with high crystallinity.

Once the perovskite MW arrays are fabricated, it is impor-
tant to study their optoelectronic properties. The (100) surface-
engineered structures of perovskite MW arrays were configured
into a simple PD structure (Figure 2a). Specifically, after the
perovskite MW arrays were grown on the mica substrate,
50 nm thick Au electrodes were thermally evaporated on the
substrate through a shadow mask with a channel length of
15 um. The SEM image of the PD structure was provided in
the inset diagram of Figure 2b, while the corresponding cur-
rent-voltage (I-V) curve was acquired in the dark and under
different power intensities (0.1 to 30 mW cm™2), as displayed in
Figure 2b. When the 450 nm light is irradiated on the (100) sur-
face, the photogenerated carriers are effectively separated and
transported through the perovskite MWs.l Our experimental
results demonstrate that the photocurrent increases with power
intensity, indicating that more photogenerated carriers are cre-
ated under the 450 nm source with increasing power intensity.
This can be explained by the fact that increasing the power
intensity leads to a greater number of photons interacting with
the electrons, resulting in more electrons acquiring energy
from the photons and transitioning from the valence band to
the conduction band. It is worth mentioning that these (100)
surface-based devices exhibit a dark current as low as 15 pA,
whereas the output current enhances by 4.5 orders of magni-
tude to above 800 nA under 30 mW cm™ illumination. The
on-off switching characteristics (Figure 2c) demonstrate that
the photocurrent tends to increase as the power intensity
increases, which is consistent to the theory that the quantity of
photogenerated carriers is proportional to the arriving photon
flux.)
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More importantly, to evaluate the performance of PD devices,
there are two important figures of merit parameters, namely
photoresponsivity (R) and detectivity (D”), which can be directly
extracted from the measurement results. The mathematical
expression of R is described by the equation of R = I,/PS,
where Iy (Iph = Diight — Igart), P, and S are the photocurrent, inci-
dent power density illuminated on the MW array, and effective
illumination area on the MW arrays, respectively. Meanwhile,
another parameter, D", is defined as D* = R(SAf)"//i,, where i,
is the noise current and Afis the electrical bandwidth. Figure S8
(Supporting Information) exhibits that the noise current spec-
trum of CsPbBr; MW arrays PD is dominated by 1/f noise,
with a bias voltage of 2 V. The noise of CsPbBr; MW arrays
was measured as 0.539 pA/HzY2 at 1 Hz. Consequently, we cal-
culated the specific detectivity (D”) of CsPbBr; MW arrays PD
to be 1.06 x 10" Jones (cm HzY? WY). Figure 2d displays the
calculated R and D" under different power densities, revealing
both R and D" tend to decrease with increasing power density.
These decay trends in R and D* were speculated to be caused by
the trap states within the CsPbBr; MW body or at the surface
of perovskite MWs.[1%1 At a relatively low light power intensity
(0.1 mW cm™), the device reaches a high photoresponsivity
of 263 A W' and a good detectivity of 1.06 x 10" Jones, being
comparable to the state-of-the-art perovskite-based photodetec-
tors (Figure 2i). Furthermore, the device operation stability was
also investigated, as provided in Figure S9 (Supporting Infor-
mation). The device exhibits a relatively stable photo-switching
performance in a continuous operation period of >65 h
(Figure S9a,b, Supporting Information) under 5 mW cm™ illu-
mination, suggesting a potential prospect of our devices for
practical applications.

To acquire the precise response and recovery times of the
devices, the on-off switching measurement was manipulated by
a high-frequency chopper, while a digital oscilloscope recorded
the temporal response. As displayed in Figure 2e, the response
(purple) and recovery (blue) times, recognized as the time for
the photocurrent to shift from 10% to 90% and from 90% to
10% of the maximum output signal, were found to be 94 and
136 us, respectively. These results are faster than those of the
previous photodetector devices based on perovskite nano/
microwires arrays or films (Table S1, Supporting Information).
To further investigate the spectral response, the device was
continuously irradiated with wavelength changing from 400 to
600 nm. As presented in Figure 2f, the responsivity of the MW
photodetector reaches a peak at =530 nm and then declines
sharply at =560 nm, where this trend is consistent with the
characteristic bandgap energy values calculated in Figure S1
(Supporting Information).["/

At the same time, long-term stability is always regarded as a
stumbling block for the practical and commercial development
of perovskite-based photodetectors. Intriguingly, as illustrated
in Figure 2g, the photocurrent of the perovskite MW arrays
device gets enhanced to 140% of its initial value after being
stored in ambient for 3000 h, demonstrating excellent resist-
ance to the external environmental stimulus. The long-term
stability of our devices is significantly improved, especially com-
pared to the reported perovskite devices in Figure 2h. These
impressive long-term stability and photocurrent enhancement
can be mostly attributed to the impact of environmental oxygen
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Figure 2. Characterizations of CsPbBr; MW arrays-based photodetectors. a) Schematic diagram of the photodetector device structure. b) Log I-V
curves of the photodetector device. Inset is the SEM image of the device. c) I-t curve of the photodetector without and with 450 nm illumination of
0.1-30 mW cm~2 power density, while the source-drain bias is 2 V. d) Responsivity and detectivity versus power intensity of illumination. e) Response
and recovery times of the device. f) Normalized spectral response of the device under the illumination of 400-600 nm wavelength. g) Time-resolved
response of initial device and device stored >3000 h. h) Long-term stability and i) performance comparison with the state-of-the-art perovskite MW's
or films. (Detailed comparison parameters are listed in Table S1, Supporting Information)

on the perovskite MW (100) surfaces, which will be discussed
later in details.

Subsequently, the comparison experiment was designed to
assess the detection performance of the devices in air, vacuum,
and pure oxygen environment, respectively. As shown in
Figure 3a, the device exhibited a similar photocurrent under
30 mW cm2 power density illumination in air and pure oxygen
environment, but a remarkable photocurrent decline (about
two orders) in the vacuum condition (=10* Pa). To eliminate
the influence of oxygen species, the vacuuming process was
maintained for at least 36 h before measurement. Hence, we
preliminarily consider oxygen as the main cause of enhancing
the device’s performance in the air. Based on the XRD patterns
presented in Figure S10 (Supporting Information), both fresh
and ambient-stored samples show similar diffraction peaks,
which excludes the possible influence of material decomposi-
tion on their optoelectronic properties.

Moreover, the shortterm stability of devices in air and
vacuum environment was also investigated. As shown in
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Figure 3b, the photo- and dark-current were measured under
several photo-switching cycles, demonstrating again their
operational stability. To further explore the physical nature
of oxygen impact on the photodetection characteristics, the
device was measured under different power densities (from 0.1
to 30 mW cm™?) illumination both in air and under vacuum
(Figure 3c,d), with the photocurrent for each condition
extracted and compiled in Figure 3e. It is evident that all the
experimental data is perfectly fitted by the power law equation
of I, P% The extracted o values in air and under vacuum are
calculated to be 0.65 and 0.92, respectively, which reveals the
different optoelectronic properties of the (100) surface under
those two conditions (i.e., air vs. vacuum).!'®!

Besides, owing to the high sensitivity of CsPbBr; MWs in the
visible light region, we demonstrated the applicability of our
devices in the applications of image sensing. Figure 3f schemat-
ically illustrates the entire setup of the imaging system studied
in this work. A 450 nm laser was adopted as the light source,
while a patterned mask was hollowed-out to act as the image
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Figure 3. Characterizations of CsPbBr; MW arrays-based photodetectors in different conditions. a) Photo-switching curves recorded in air (red),
vacuum (green), and pure oxygen (orange), while source-drain bias and power density are regulated as 2 V and 30 mW cm™?, respectively. b) Photo-
switching comparison curves in air (red) and under vacuum (green) for a constant measurement >50 loops. High-resolution time-resolved photo-
switching curves c) in air and d) under vacuum. e) Current-power density curve acquired in air and under vacuum. f) Schematic diagram of the image
sensing system. Converted “shark” image acquired g) in air and h) under vacuum. The scale bar is 20 pixels.

template. Hence, the laser beam could pass through the mask
and illuminate the perovskite MW arrays PD. When the laser
scanned the patterned mask (i.e., the shape of “shark”), a semi-
conductor analyzer could record the photoresponse in time-
spatial revolution, converting it into the images of “shark” with
high resolution under different environments (Figure 3gh).
Apparently, the “shark” recorded in air exhibits more distinct
contrast than that acquired under vacuum, revealing an over
two order-of-magnitude increase of photocurrent, directly dem-
onstrating the sensitivity enhancement in oxygen-treated PD
device.

After that, it is essential to gain deep insight into the physical
origin of the oxygen passivation effect observed above. In this
case, X-ray photoelectron spectroscopy (XPS) was performed
to assess the interaction between the oxygen species and
perovskite MW arrays. The corresponding XPS results under
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different environments are then displayed in Figure 4a. For the
(100) surface terminated CsPbBr; MW arrays measured in the
oxygen environment, the peaks at 1373 and 142.3 eV are cor-
responded to Pb 4f;, and Pb 4f;,, respectively. However, the
broadened peak could be divided into two additional lower
binding energy peaks at 136.9 and 141.9 eV, which could be
assigned to the oxygen passivation effect.#*!! Accordingly, as
the surrounding environment was pumped down to vacuum,
the peaks of 4f;, and Pb 4f;;, became narrower and sharper,
whereas the peaks representing the oxygen passivation effect
were close to vanishing. Hence, the XPS finding suggests
the existence of oxygen on the (100) surface of all-inorganic
CsPbBr; MW arrays in the ambient environment.

More importantly, to further reveal the passivation effect
of oxygen species on the carrier recombination pathways,
an in situ PL spectroscopic study was carried out in a high
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Figure 4. Characterization and theoretical calculations on the (100) surface of perovskites. a) XPS spectra of Pb 4fs/, and 4f;; of the CsPbBr; MWs
in oxygen and under vacuum. b) In situ PL spectra of the as-grown MW sample with pure oxygen injection. c) 2D contour image of the in situ PL
spectra. d) PL decay dynamics of the sample in oxygen and under vacuum. Theoretical models of the CsPbBr; surface with e) Br-vacancy and f) oxygen-
passivated vacancy. g) Calculated energy band structures of intrinsic, Br-vacancy, and oxygen-passivated surfaces. h) Calculated differential of charge

density surrounding the passivated oxygen species.

vacuum condition, as well as in an oxygen environment. As
displayed in Figure 4D, the PL intensity of the CsPbBr; charac-
teristic peak at 520.6 nm enhances with time after introducing
pure oxygen to the chamber. As the system was evacuated to
vacuum, the peak intensity could recover to its initial state.
Also, the visualization of the tracked PL spectrum during the
transfer from vacuum to oxygen environments was displayed
in Figure 4c, indicating the enhanced intensity of the main-
tained characteristic peak. This observation evidently suggests
the passivation effect of oxygen species to the (100) surface of
perovskite MW arrays. According to the previous work,®®! this
PL intensity switching response caused by oxygen passivation
is the characteristic effect of the surface Br-vacancy type perov-
skite, signifying the dominant Br-vacancy defects on the (100)
surface of CsPbBr; MW arrays.

In addition, the double-exponential fitting curve was adopted
to fit the time-resolved PL (TRPL) decay results in order to ana-
lyze the PL recombination dynamics of the perovskite MWs
in different conditions (Figure 4d). In vacuum conditions, the
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extracted fast and slow components of PL lifetimes, 7 and 1,
were determined to be 0.87 and 5.96 ns, respectively, which
increased to 1.86 and 21.2 ns after oxygen injection. At the same
time, the average lifetime, 7, can be estimated by the equa-
tion of T = %A 5%/ZAT, where A, is the decay amplitude.*”!
This way, the average lifetime, 7, was calculated to be 2.52 and
20.24 ns for vacuum and oxygen conditions, respectively. This
increasing trend of PL lifetime caused by oxygen passivation
indicates that the nonradiative recombination is suppressed
owing to the reduced defect density passivated by oxygen spe-
cies,” being consistent with the enhancing fluorescence inten-
sity due to the oxygen species passivation to traps. Addition-
ally, we have provided a detailed analysis of the SCLC results
(Figure S11, Supporting Information) to evaluate the defect den-
sity. According to the literature,??! the trap density (n,) can be
determined by trap-filled limit voltage (Vrgy),

2
en.

Vg =
€€,

(1)
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where ¢ is the electron charge, L is the channel length, £ (19.2)
is relative dielectric constant of CsPbBr;, and &, is the vacuum
permittivity. Hence, the trap density, n,, of CsPbBr; in air was
calculated to be 1.05 x 10" cm™3, which is lower than that in
vacuum (4.68 x 10" cm™), indicating a fewer trap density in
air condition. Our results demonstrate the effectiveness of our
oxygen passivation strategy in reducing the trap density and
improving the optoelectronic performance of the (100) surface
of perovskite MW arrays.

Apart from evaluating the experimental results, first-prin-
cipal density functional theory (DFT) simulations were con-
ducted to thoroughly understand the passivation mechanism
of these oxygen species on perovskites. The (100) surfaces of
cubic CsPbBr; with Br vacancies and vacancies passivated by
oxygen species are modeled in Figure 4e,f, respectively. Simul-
taneously, the perfect CsPbBr; surface model was also built and
exhibited in Figure S12 (Supporting Information) for reference.
To investigate the specific passivation effect of oxygen spe-
cies passivation to the Br-vacancy, the band structures of these
three models were calculated, and the corresponding results
were displayed in Figure 4g. For the Br-vacancy surface, several
distinct additional energy levels mainly originated from the
p-orbital of Pb were beneath the conduction band (CB) edge,
which was considered the trap states. These detrimental trap
states would act as the center of nonradiative recombination,
leading to the capture of photogenerated carriers and a shorter
diffusion length, hence deteriorating the optoelectronic perfor-
mance of the device.?’]

Consequently, with those vacancies occupied by oxygen
species, these detrimental trap levels vanished in the energy
band, while the entire energy band structure was similar to the
intrinsic CsPbBr;. The corresponding partial density of state
(PDOS) results were also provided in Figure S13 (Supporting
Information), illustrating more details of the calculated energy
band structures. Besides, the differential charge density of
the oxygen-passivated (100) surface to the Br-vacancy surface
was calculated, and the corresponding result was presented in
Figure 4h. Obviously, distinct fast charge transfer nanochan-
nels are formed surrounding the oxygen species, beneficial to
the rapid transfer of the charge carriers. Hence, these theoretical
results indicate that the oxygen passivation can not only opti-
mize the energy band and eliminate the trap states, but also gen-
erate charge carries nanochannels for realizing the photocurrent
enhancement, agreeing well with the experimental findings.

In conclusion, the horizontally aligned triangular prism
cubic CsPbBr; MW arrays with specific terminated (100) crystal
planes were realized on the muscovite mica substrate. Based on
these (100) surfaces, photodetectors exhibited excellent optoe-
lectronic performance, including an ultrahigh on/off ratio of up
to 5 x 10% a large responsivity of 263 A W, a high detectivity
of 1.06 x 10' Jones, and an ultrafast response <100 ps. Signifi-
cantly, these (100) surfaces exhibited outstanding long-term
stability >3000 h in the ambient environment. Photocurrent
enhancement and fewer trap states have also been discovered in
the (100) surface of perovskite MWs owing to the surface passi-
vation effect of oxygen. The passivation mechanism was further
verified through theoretical simulations, providing a guideline
to eliminate deep traps and enhance photoconductivity by the
specific surface engineering strategy on perovskites.
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3. Experimental Section

Synthesis of CsPbBrs; MW Arrays: The PbBr, (99.999%) and CsBr
(99.9%) powders were purchased from Sigma—Aldrich, and no extra
purification operation was adopted. First, 100 mg of PbBr, powders and
70 mg of CsBr powders were fully ground in an agate mortar to form
yellow powders. The mixed powders were then pre-annealed at 370°C
for 30 min, eventually forming orange powders. Then, a two-zone CVD
system was adopted to realize the growth of CsPbBr; MW arrays. The
mixed precursor powders were positioned in the center of 1' heating
zone, and the muscovite mica was located downstream (the 2" heating
zone), =15 cm away from the source powders. Following, the entire
system was evacuated to =8 mTorr, and then 150 sccm high-purity Argon
gas (Ar, 99.999%) was fed into the tube furnace to act as the carrier
gas. The flow rate was then manipulated to 100 sccm, and the growth
pressure was regulated to 1.5 Torr. After that, the 15 temperature zone
was heated to 480 °C in 50 min and held the temperature for 60 min,
while the 2" temperature zone was held at 330 °C. Eventually, an orange
product was grown on the mica with the tube furnace cooling down to
room temperature in the Ar atmosphere.

Material Characterizations: The crystalline phases of samples were
analyzed through an X-ray diffraction system (D2 Phaser Cu Ka radiation,
Bruke). Optical microscope, atomic force microscope (Dimension lcon,
Bruker), and scanning electron microscope (quanta 450 FEG, FEI) were
adopted to observe the surface morphology of samples. An energy
dispersive X-ray (EDX) detector connected with quanta 450 FEG was
used to verify the elemental compositions. Nexsa G2 surface analysis
system was employed to obtain the X-ray photoelectron spectrometer
(XPS) spectrum. The steady-state photoluminescent (PL) spectrum was
collected from the F-4600 fluorescence spectrophotometer (HITACHI),
while the time-resolved PL results were acquired from HORIBA
Fluoromax-4. The in situ PL spectra under different environments
were measured in a home-built system based on a spectral CCD array
spectrometer (Ocean Optics USB2000), which could be evacuated down
to =3 x 107% Torr and able to inject pure oxygen.

Device Fabrication: A direct evaporation scheme was utilized to
fabricate the photodetectors. To fabricate the device, it was began by
growing the perovskite MW parallel arrays on a mica substrate. Next,
50 nm thick Au (99.99%) electrodes were thermally evaporated onto the
samples, by utilizing a nickel shadow mask with the channel length of
15 um. This deposition was conducted at a deposition rate of =2 A s
under high vacuum, where the thickness of the Au electrodes was
directly proportional to the deposition time that was monitored by a
quartz crystal. Based on the specific terminated crystal planes of the
CsPbBr; MW arrays, the effective area was calculated considering the
two perpendicular (100) and (010) planes. The efficient area (S) was
calculated as the projection area of these two planes on substrates,

S=Lx2WxN @)

where L, W, and N represent the channel length, channel width, and
the number of MWs, respectively. A standard electrical probe station
equipped with the semiconductor analyzer Agilent 4155C was adopted
to measure the optoelectronic properties of perovskite MW arrays in the
ambient environment, while a high vacuum probe station was used
to measure the optoelectronic performance under vacuum. A 450 nm
wavelength laser diode was employed to provide the illumination,
of which the power density was measured by a PM400 power meter
(Thorlabs). The high-precision photoresponse was realized by a high-
frequency chopper and recorded by TBS 1102B-EDU digital oscilloscope
(Tektronix) connected with a SR570 current preamplifier (Stanford
Research Systems).
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Supporting Information is available from the Wiley Online Library or
from the author.
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