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ABSTRACT: Self-powered photodetectors (SPPDs) have attracted
lots of attention due to their various advantages including no external
power sources, high-sensitivity, fast response speed, and so on. This
study reports the fabrication and characterization results of CsPbBr;
microcrystals (MCs) grown by chemical vapor deposition (CVD)
method, and the SPPDs have been fabricated on the basis of the
CsPbBr; MCs layer with the sandwich structure of GaN/CsPbBr,
MCs/ZnO. Such designed SPPD shows the detectivity (D*) of 10™*
Jones, on/off ratio of up to 10°, peak responsivity (R) of 89.5 mA/W,
and enhanced stability at the incident wavelength of 540 nm. The
photodetector enables the fast photoresponse speed of 100 s rise
time and 140 us decay time. The performances of the SPPD are
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comparable to the best ones ever reported for CsPbBr; based PDs but do not need external power supplies, which mainly
benefit from the low trap density, long carrier diffusion of high quality CsPbBr;MCs film, and the built-in electric fields in the

sandwich structure of GaN/CsPbBr;/ZnO layers.
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B INTRODUCTION

Photodetectors (PDs), which can capture light signals and
convert them into electric signals, have been widely used in
various industrial and scientific applications including optical
communication, imaging technique, environmental monitoring,
optoelectronic circuit, security surveillance, and chemical/
biological sensing.'™> Capabilities the industrial applications
require from the PDs are lower power consumption, higher
responsivity, and faster response speed. However, conventional
PDs are usually driven by external power sources such as
batteries and direct-current power supplies, which have not only
added extra cost, but also lead to serious environment problems.
Therefore, self-powered photodetectors (SPPDs) have become
more and more attractive in recent years due to their advantages
of no power consumption.* In general, SPPDs can be divided
into two groups:” one type is photoconductive devices, which
can be driven by mechanical energy or chemical energy; another
type is performed by exploiting photovoltaic effect (built-in
electric field) from p—n junctions or Schottky junctions.
Photoconductive PDs exhibit the high on/off ratio of photo-
current and dark current due to their large surface-area-to-
volume ratio.””" However, the surface traps of photoconductive
PDs result in long recovery time, which has seriously hindered
their promising applications in high-speed optical communica-
tion and high-resolution imaging.9 In recent years, SPPDs with
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the introduction of interface layers (hole- or electron-blocking
layers) have shown fast response speed and high responsiv-
ity,”'>"" which provide a better way to realize high performance
PDs without energy consumption.

Owing to the outstanding optoelectronic properties such as
ultrafast charge generation, high mobility, long charge carrier
lifetime, etc.,'” considerable attention has been attracted by
hybrid organic—inorganic lead halide perovskites (ABX;, A =
CH,;NH;", and X = Cl, Br or I) for various applications such as
laser,">'* light emitting diodes (LEDs),">'® PDs,'”'® and
especially solar cells."”*” However, the instability of hybrid lead
halide perovskites under moisture, heat, or strong light have
severely limited their further applications in long-term
*22 To eliminate the barrier caused by instability for
their applications, various routes were designed and exper-
imentally operated; one of the most effective ways is substituting
organic cations with inorganic cesium atoms.”> Compared with
organometal halide perovskites, cesium based all-inorganic
perovskites exhibit better photostability; therefore, the bulk
materials and the nanocrystal films of which have achieved
increasing success in the field of PDs recently.”*™*° In 2016,
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Figure 1. (a,b) Typical SEM images showing the morphology of CVD grown CsPbBr; MCs at low and high magnifications, respectively. (c) HRTEM
results of CsPbBr; MC demonstrating the high crystalline quality with the lattice of 0.27 nm. (d) XRD spectrum indicating the orthorhombic structure

of CsPbBr; MCs.

Zeng et al. fabricated the CsPbBr; films via centrifugal-casting
method, after applying interdigitated Au as electrodes, the PD
with the responsivity of 10.04 mA/W and the detectivity of 10°®
was achieved.”* Song et al. assembled flexible PDs on the
synthesized high-quality 2D CsPbBr; nanosheets, which
exhibited a high sensitivity of 0.64 A/W and a light on/off
ratio of 10°>° In the past few years, the PDs based on the
different morphology of CsPbBr; such as nanocrystals
(NCs),Zé_28 nanowires,”’ nanoplates,30 and microcrystals
(MCs)*"*? were constructed. Meanwhile, the PDs with different
electrodes, such as Au,>**%?” Pt>° ITO,>*! and graphite,32
were also investigated. However, most reported CsPbBr; based
PDs are photoconductive devices, which means they are still
unable to drive themselves without external power sources. In
2017, Saidaminov et al. reported the CsPbBr; based SPPD with
Pt and Au as electrodes.® Owing to the semimetal channel,*®
the rise and decay times of the SPPD were 230 and 60 ms,
respectively, which are much slower than those of the
photoconductive PDs. Therefore, the CsPbBr; based SPPDs
with high response and fast speed are needed. GaN and ZnO,
which have been wildly exploited in optoelectronic field,*”*"
have outstanding optical and electrical properties. Moreover,
their broad bandgap of above 3.0 eV and high melting point will
not affect the absorption of CsPbBr; material but enhance the
stability of the perovskites-based devices. Thus, for all the above
reasons, p-GaN and n-ZnO are the excellent charge transport
layers for CsPbBr; to realize high performance SPPDs.
Generally, the SPPDs contain the photodiode structure of
thin films, which require the facile and low-cost growth
technique for mass production. CVD method is wildly used
for the growth of semiconductor films in industry today.
Compared to the solution method, the sealed and solvent free
environment of CVD technique during the growth process
could avoid the formation of gain boundary, surface defects and

groups in as-grown materials, which could effectively enhance
the carriers transport characteristic and chemical stability of thin
films. Therefore, in this work, we have developed a direct growth
approach of CsPbBr; MCs film on p-type GaN substrate by
CVD method, and SPPDs of high performance were achieved on
the basis of the MCs film. It is well-known that the film quality
will strongly affect the performances of the PDs. Direct CVD
growth of CsPbBr; materials on an inorganic charge transport
layer is a feasible path to fabricate dense, uniform, and crack-free
films, which could also avoid the surface defects and grain
boundaries in the solution-processed films. The GaN substrate
was uniformly covered by the CsPbBr; MCs film with the
thickness of about 2 pm. X-ray diffraction (XRD) and
transmission electron microscope (TEM) spectra indicate the
high crystallinity of CsPbBr; MCs. The SPPD was fabricated by
spin-coating n-type ZnO nanoparticles on the top of as-prepared
CsPbBr; MCs film. Meanwhile, the p-type GaN and n-type ZnO
layers are the electrons and holes blocking layers as well. The
device presented high detectivity, high on/off ratio, fast
photoresponse speed, and enhanced stability at O bias voltage.
The performance of the SPPD can be ascribed to the high
quality CsPbBr; MCs and the sandwich structure of the device,
which takes the advantages of charge blocking layers and built-in
fields of junctions.

B RESULTS AND DISCUSSION

Figure la and b show the SEM images of CsPbBr; MCs. As can
be seen from the pictures, the MCs present the shape of
quadrate, and the size of the MCs is approximately 12 ym. The
HRTEM image (Figure 1c) reveals the high crystalline quality of
CsPbBr; MC with the lattice of 0.27 nm, which is in accord with
the atomic model of the CsPbBr; shown in the inset of Figure S1.
Also, the XRD pattern shown in Figure 1d indicates that the
crystals belong to orthorhombic CsPbBr,,”** and the narrow
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Figure 2. Optical properties of the CsPbBr; MCs. (a) Steady-state absorption spectrum, the absorption edge was determined by using Tauc plot. (b)
Steady-state PL spectrum (A, = 360 nm). (c) Steady-state PL spectrum pumped by femtosecond laser of 800 nm. (d) PL spectra of an individual

crystal under different pump powers.
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Figure 3. (a) Fabricating diagram of the CsPbBr; MCs based SPPD. (b) Cross-sectional SEM image of the device and the EDX spectrum of CsPbBr;,

MCs film.

full-width at haft-maximum (fwhm) of the peaks confirms the
high purity of the crystals.

For further revealing the quality of the CsPbBr; MCs, the
optical properties of the sample were investigated and shown in
Figure 2. The sharp absorption edge of CsPbBr; MCs in Figure
2a is located at 546 nm, which corresponds to the bandgap of

2.27 eV (insert of Figure 2a). One photon and two photons
absorption induced photoluminescence (PL) spectra are
demonstrated in Figure 2b and ¢, respectively. Under the
illumination of 360 nm (one photon excitation), two emission
peaks can be found at the wavelengths of 520 and 550 nm. The
same phenomenon has also been observed in previous
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Figure 4. (a) [-V characteristics of the device in dark and under the 540 nm illumination of 3.5 X 107> W cm™2 (b) Room temperature spectral

responsivity curves of the device at 0 V bias.

reports.”*”*" However, the origination of the peak at 520 nm
(2.38 eV) is still unclear. Sebastian et al. ascribed the above-
bandgap emission to Br vacancies on the basis of the density
functional theory calculations.’ Saouma et al. confirmed the
existence of the energy level by using wavelength-dependent
multiphoton absorption spectroscopy.”’ Also, Yang et al.
considered the PL peak at 520 nm is the result of the carriers’
recombination emission on the surface of the MCs.”' While
pumped by femtosecond laser of 800 nm (two photons
excitation), only one peak at 553 nm can be observed without
any spectral shift. In this case, the photoinduced carriers are
generated in the whole MCs, the carriers’ recombination
emission on the surface is negligible in the spectrum. Obviously,
the PL peak at SSO nm (2.25 eV) originates from quasi-
bandedge emission, and the tiny difference between 550 and 553
nm can be ascribed to the Burstein—Moss effect.’’ Additionally,
there are also several secondary interference fringes that can be
attributed to the presence of high reflective surfaces of CsPbBr;
MCs. Room temperature lasing characteristics of MCs were
performed and shown in Figure 2d. For an individual CsPbBr;
crystal, a sharp peak with the fwhm of less than 0.5 nm was
observed with the pumping energy of 5.35 yW. When the
pumping power increased to 5.8 yW, more sharp peaks were
appeared. Figure S2 shows the plots of the PL peak intensity
versus pumping power, the PL intensity increased rapidly with
the further increasing pumping energy and the lasing threshold
was found to be 6.6 yW. The lasing phenomenon indicates the
good morphology, high crystal quality, and low defect density of
CsPbBr;MCs. Also, the tolerance of high pumping energy
manifests the robustness of the MCs as well.

The appealing properties of CsPbBr; include the low trap
density and long carrier diffusion length, which are suitable for
high performance PDs.”">>*" Figure 3a shows the fabrication
process of the SPPD based on CsPbBr; MCs. The CsPbBr; MCs
film was sandwiched between p-GaN (hole-traport material,
electron-blocking layer) and n-ZnO (electron-transport materi-
al, hole-blocking layer). Au was used as the top electrode, and
Ni/Au was the back electrode. The detailed fabrication process
is presented in the Materials and Methods. The morphology of
CVD grown CsPbBr; MCs can be changed by the different
temperatures and pressures in the furnace chamber. With the
growth temperature of 580 °C, the size of CsPbBr; MCs
increases to about 30 um, and the crystals are arranged
disorderly (shown in Figure S3a). This is because the vapor of
the reactant source tends to react and deposit on the low
temperature substrates. The enhanced deposition of CsPbBr;
results in the larger crystal size and irregular morphology. In
contrast, when the deposition reaction is performed under high

temperature of 620 °C, the vapor of the reactant source can
hardly deposit on the substrate, which results in the few and
small crystals on the substrate in Figure S3b. The growth
pressure was modulated from 150 to 200 Pa to accomplish the
conversion from individual CsPbBr; MCs to CsPbBry; MCs film
by changing Ar flow. Figure S4a shows the SEM image of
CsPbBr; MCs film by the CVD pressure of 200 Pa with the
corresponding Ar flow of 300 sccm. Figure S4b presents the
device’s sandwich structure by SEM. As shown in the picture, the
GaN substrate has been wholly and uniformly covered by
CsPbBr; MCs film without any pinholes, and the thickness of
CsPbBr; MCs layer is approximately 2 ym. The cross-sectional
view of the device confirms that the interfaces between different
layers are uniform and smooth (shown in Figure 3b). The right
image of Figure 3b presents the EDX results of the MCs film,
which shows the molar ratio of 1:1:3 (Cs:Pb:Br) with
considering the deviation of the measurements.

Figure 4 presents the I—V measurements and photo-
responsivity of the SPPD based on CsPbBr; MCs. The dark
current curve of the device indicates the standard properties of
p—n junction in Figure 4a (inset). The I-V curves of ZnO layer
with Au as electrodes and GaN layer with Ni/Au as electrodes
are shown in Figure SS, which indicate the formation of ohmic
contacts between semiconductor layers (GaN and ZnO) and
metal electrodes. Under the illumination of 540 nm light source
(power density of 3.5 X 107> W/cm?), the strong photo-
generated potential field has eliminated the barrier of junction
and then resulted in the near-linear relationship of I-V
characteristics. The photocurrent has increased by five orders
of magnitude versus dark current at 0 V bias, and the open-
circuit voltage (V,.) is 0.2 V. For a PD, responsivity (R) is
defined as the ratio of photocurrent density and incident light
intensity, which indicates how efficiently the detector responds
to an optical signal. It can be expressed as

R =

Liigpe (1)
where I, is the photocurrent and Lyg, is the power of incident
light. The calculated responsivity of CsPbBr; MCs based SPPD
is 89.5 mA/W, which is comparable to the previously reported
perovskite PDs with metal—semiconductor—metal structure.
We ascribe the high responsivity to the large absorption
coeflicient, high carrier mobility, and low trap-state density of
high quality CsPbBr; MCs layer. To characterize the weakest
level of light that the detector can operate, detectivity (D*) is
determined by the responsivity and the dark current. D* can be
given by
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Figure S. (a) Reproducible on/off switching of the device upon various light intensities with a 10 s cycle illumination at the bias of 0 V. (b) Power
dependent responsivity and photocurrent of the device. (c) Power dependent detectivity and EQE of the device. (d) Response of the device to pulsed

light irradiation at frequencies of 800 Hz.

Table 1. Performance Parameters Based on CsPbBr; SC Photodetectors Previously Reported and in This Work

responsivity

device structure configurations (mA W)
Au/NCs/Au photoconduction 10.04
ITO/nanosheets/ITO photoconduction 640
Au/NCs-TiO,/Au photoconduction 24 500
Au/thinfilm/Au photoconduction 55000
Au/NCs-MoS,/Au photoconduction 440
Au/nanowires/Au photoconduction 4400
Au/nanoplates/Au photoconduction 34
ITO/MCs/ITO photoconduction 6 x 10*
graphite/2D-MCs/graphite photoconduction 2100
Au/thinfilm/Au photoconduction 375
Au/thinfilm-ZnO/Au photoconduction 4250
Pt/SC/Au photodiode 28
Au/SC/Au photoconduction 2000
SpiroOMeTAD/MCs/SnO,  photodiode 172
PTAA/MCs/SnO, photodiode 206
Au/MCs/Au photoconduction 1330
GaN/MCs/ZnO photodiode 89.5

detectivity on/off rise/decay time source power
(Jones) ratio (msg (v ref
4.56 % 10° 10° 0.2/12 2 24
10* 0.019/0.024 5 25
8.9 x 10" 10° 4700/2300 2 26
0.9 x 10% 10° 0.43/0.318 6 27
2.5 x 10" 10* 0.72/1.01 10 28
0.252/0.3 1 29
7.5 x 102 10° 0.6/0.9 1.5 30
10%3 0.5/1.6 3 31
107 0.25/0.45 9 32
2.96 x 10" 10 0.28/0.64 S 33
10* 0.21/0.24 10 34
1.7 x 101 10° 230/60 0 35
10 0.069/0.261 5 36
4.8 X 1012 10° 0.14/0.12 0 47
7.23 x 1012 10° 0.3/0.39 0 48
8.6 x 10 10° 20.9/24.6 5 49
1.03 x 10" 10° 0.1/0.14 0 this work

ko A
D"= |——R
29I,

where I, is the dark current, g is the elementary charge, and the
effective area A is 1 mm? The low dark current of 10 pA at 0 V
bias determines the detectivity of the device could reach up to
10'* Jones (Jones = cm Hz!'> W™'), which results from the
suppression of leak current by charge blocking layer. The
ultralow dark current also displays the long-time stability in
Figure Sé.

Figure 4b presents the spectral photoresponse of the PD from
300 to 650 nm. It is known that the responsivity origins from the
generation of photoexcited electron—hole pairs when the
photon energy of incident light beyond the bandgap of the

semiconductor material. There are several features indicated in

(2)

15808

Figure 4b: (1) the responsivity decreases dramatically at S50 nm,
which is in accordance with the absorption edge of 546 nm; (2)
the peak of responsivity at 540 nm matches well with the
bandgap of CsPbBr; MCs; (3) the broad range of sensitive
wavelength from 360 to 550 nm demonstrates the detector has
broad spectral photoresponse from UV to visible light. The
responsivity at each wavelength from 360 to 550 nm maintains
the relative high value of at least 28 mA/W, which indicates that
the device also has good performance when the incident light
varies from UV to visible light. Meanwhile, the responsivity
decreases dramatically at nearly 525 nm, which is attributed to
the exciton absorption tail at the wavelength of 540 nm. Previous
reports also displayed the same character.>** In addition, the
responsivity of the device in UV region derives from
photogenerated electron—hole pairs in CsPbBr; MCs together
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with those in p-GaN and n-ZnO layers at the same time. As a
comparison, the spectral responsivity of the PD without
perovskite layer has also been recorded and shown in Figure
S7. The responsivity only covers the UV region and be cut off at
375 nm, which indicates the significance of perovskite MCs layer
for the photodetection in visible light region.

The response time of device at 0 V bias was measured with the
commercial light-emitting diodes (540 nm) as the light source
by using a chopper to turn on/off the beam illuminated on the
device (shown in Figure S8). Successive on/off switching tests of
the device upon different light irradiation without external
power are presented in Figure Sa, and the performance of
detector does not display any obvious degradation in switching
experiment. For a high performance PD, the ability to detect
light over a wide intensity range is required. The power-
dependent photocurrent curve presents the linear relationship
between photocurrent and illumination power under the
luminous intensities ranging from 4.41 X 107° to 3.5 X 1073
W cm ™ in Figure 5b. Because of the full light absorption of
CsPbBr; layer with the microlevel thickness, the calculated R
maintains the relative constant value with the change of light
intensity in Figure Sb. The highest values of D* and EQE could
reach up to 10" Jones and 20% as plotted in Figure Sc,
respectively. Furthermore, the performance of the device has no
tendency to deteriorate after being exposed to ambient air for 3
months (Figure S9), the photocurrent decays only by less than
5%. These optoelectronic properties have confirmed the
promising application of the device as high performance SPPD.

Figure 5d shows that the rise time of current from 10% to 90%
is approximately 100 ys and the decay time from 90% to 10% is
approximately 140 us. For comparison, some previously
reported PDs of CsPbBr; are listed in Table 1. This rapid
response speed manifests the fast separation and efficient
extraction of photogenerated electron—hole pairs in the device,
which can be mainly ascribed to the built-in fields at the
interfaces between GaN/ZnO and CsPbBr; MCs film. To
investigate the mechanism of the charge injection and separation
behaviors in the device, time-resolved photoluminescence
(TRPL) was carried out to measure the lifetime of carriers in
CsPbBr;, GaN/CsPbBr;, and GaN/CsPbBr;/ZnO (Figure 6).
The measured 540 nm PL decay times and amplitudes can be
obtained by fitting TRPL decay curves with biexponential
formula

10
- CsPbBr,
GaN\CsPbBr,
GaN\CsPbBr,\ZnO
=§ 10°
&
2
]
g
2
g 10

400

600 800
Time (ns)

1000 1200

Figure 6. TRPL spectra of CsPbBr; GaN/CsPbBr;, and GaN/
CsPbBr;/Zn0O, respectively.
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] + B, exp(——]
T )

f(t) =A+ B, exp[
()

where A, B, (B,), and 7, (1,) are constant, the decay amplitudes
and decay times, respectively. As listed in Table 2, the PL decay

Table 2. Fitting Parameters of TRPL Spectroscopy Based on
Samples with Different Structure

samples 7, (ns)  %ofr;, 1,(ns) %ofr, T, (ns)
CsPbBr; 73.62 73.83 164.3 26.17 97.3§
GaN/CsPbBr, 31.54 82.84 257.4 17.16 70.30
GaN/CsPbBr;/ZnO 11.15 89.62 154.7 10.38 26.04

times of CsPbBry MC 7, = 73.62 ns (B;: 73.83%) and 7, = 164.3
ns (B,: 26.17%), respectively. In comparison, when CsPbBr;
MC:s layer was growth on p-type GaN substrate, 7, decreased to
31.54 ns (B,: 82.84%) and 7, increased to 257.4 ns (B,: 17.16%).
Furthermore, after coating ZnO layer on the top of CsPbBr;
MCs layer, 7, and 7, were further reduced to 11.15 ns (B;:
89.62%) and 154.7 ns (B,: 10.38%), respectively. The average
decay time (t,,,) can be defined as (ref 45)

ave

Tave = Z BiTi

(4)
As shown in Table 2, the 7,, of CsPbBr; was significantly
reduced from 97.35 to 26.04 ns when ZnO was coated onto
GaN/CsPbBr;. We can assume that the charges in CsPbBr;
decay only by radiative relaxation or transfer through GaN and
ZnO. The charge-transfer rate constant can be described as (ref

46)

1 1

k

et
T

ave—sandwich 7

ave —perovskite

(s)

According to the values of Table 2, the charge-transfer rate
constant is calculated to be 28.07 ps™', and the corresponding
charge-transfer time is 35.63 ns. These results indicate that
introducing the sandwich structure (GaN/CsPbBr;/Zn0O) is an
effective path to achieve faster charge transport at the interfaces
of p-GaN/CsPbBr; and n-ZnO/CsPbBr;.

For clear illustration, the energy band diagram of the device is
shown in Figure 7. Under the illumination of 540 nm (beyond
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Figure 7. Energy band diagram of the SPPD under the illumination of
incident light at 0 V bias.
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Figure 8. (a) On/off switch tests of SPPD under different temperature. (b) Temperature-dependent dark current (black line) and photocurrent (blue

line).

the bandgap), the photon can stimulate electrons from the
valence band to the conduction band in CsPbBr; MCs film. The
photoexcited electrons and holes spread to the interfaces of n-
ZnO/CsPbBr; MCs and p-GaN/CsPbBr; MCs, respectively.
Then they are swept quickly to charge transporting layers
because of the built-in fields. After turning off the incident light,
the built-in field sweeps the rest of photogenerated carriers and
results in the rapid current attenuation.

It is well-known that the stability improvement of the
perovskite-based devices is still a challenging issue. For revealing
the thermal stability of our device, the performance of SPPD
under the temperature of 298 K, 323 K, 353 K, 373 K, 383 K was
measured, respectively. As shown in Figure 8a, we can observe
that the photocurrent increases with the increasing of ambient
temperature. The increased photocurrent stems from the ion
migration.*” The conductance of material is enhanced with the
increasing temperature; meanwhile, the thermal energy exceeds
the activation energy of Br~. Consequently, both photo- and
dark currents show the positive correlation with operating
temperature. As displayed in Figure 8b, it can be seen that the
photocurrent increases from 3.4 yA at 298 K to 5.0 A at 383 K.
Also, the dark current shows the same tendency from 10 pA to
60 pA. Obviously, the increase rate of dark current is faster than
that of photocurrent, resulting in the reduction of on/off ratio
(In/Ip) from 3.4 X 10° to 8.2 X 10* (shown in Figure S10a).
Additionally, the crystal structure CsPbBr; would transform
from orthorhombic to tetragonal at 362 K,>° which results in the
different curve shape of the photocurrent in Figure 8a. When the
temperature is less than 363 K, the photocurrent gradually
increases to the definite value after the incident light is turned
on. Conversely, with the temperature over 363 K, the
photocurrent immediately reaches to the maximum value then
followed by slow decay. Furthermore, the device shows the
recoverable temperature-dependent photocurrent, after cooling
to room temperature, the photocurrent could recover to 95% of
initial value in Figure S10b, which indicate that the device has
the better tolerance to high temperature.

B CONCLUSION

In summary, CsPbBr; MCs films were directly grown on p-type
GaN substrate by CVD method and high performance SPPDs
based on p-GaN/CsPbBr; MCs/n-ZnO sandwich structure
were achieved. The TRPL spectra proved that the introduction
of ZnO and GaN layers has sped up the charge transporting rate
of CsPbBr;. The device has not only shown high responsivity
and detectivity of 89.5 mA/W and 10'* Jones, but also presented
fast response speed of 100 us at 0 V bias voltage and enhanced
stability. The high performance of the SPPD can be ascribed to
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the high quality CsPbBry MCs and the sandwich structure of the
device, which takes advantages of charge blocking layers and
strong built-in fields of junctions.

B MATERIALS AND METHODS

Materials. PbBr, (99.0%), CsBr (99.9% metals basis), tetramethy-
lammonium hydroxide (98%), dimethyl sulfoxide (DMSO, HPLC
grade), and ethyl acetate (HPLC grade) were purchased from Aladdin
Reagents. Zinc acetate hydrate (99.99% trace metals basis) was
purchased from Sigma-Aldrich. Ethanol (>99%) and ethanolamine
(>99%) were purchased from Sinopharm Chemical Reagent Co., Ltd.
p-GaN film was growth on the sapphire substrate by metal organic
chemical vapor deposition (MOCVD) method.

Synthesis of ZnO Nanoparticles. ZnO nanoparticles were
synthesized by the room temperature solution-percipitation method.**
Briefly, the ethanol solution (10 mL) of tetramethylammonium
hydroxide (5.5 mmol) and the DMSO solution (30 mL) of zinc
acetate hydrate (3 mmol) were mixed together and the mixture was
stirred for 24 h under ambient conditions. After being washed by adding
ethyl acetate, ZnO nanoparticles were redispersed in ethanol and the
process was repeated for three times. Additional ethanolamine (10 uL)
was conducted to stabilize the nanoparticles if necessarily.

Synthesis of CsPbBr; MCs Film. The CsPbBr; MCs film was
grown by one-step CVD method in vacuum ambiance. p-type GaN film
(10 mm X 10 mm) was placed downstream of the quartz tube in the
furnace. CsBr, and PbBr powder were thoroughly mixed with a molar
ratio of 2:1 and then put into an alumina boat to act as the reactant
source. Before the experiment, the GaN substrates were orderly
ultrasonicated in acetone, ethanol, and deionized water (18 MQ) for 10
min at room temperature, respectively. The distance between source
boat and GaN substrate was 12 cm. Prior to heating, the quartz tube was
pumped down to 150 Pa and followed by the flow of high-purity Ar
(99.999%). For the growth of individual MCs, the flow rate of Ar was
kept at 150 sccm; however, for the dense MCs films, the flow rate was
optimized to 300 sccm. Then the furnace was heated to 600 °C at the
temperature gradient of 20 °C per min and maintained for 15 min. After
naturally cooled to room temperature, the CsPbBr; MCs film was
grown on the GaN wafer.

Fabrication of SPPDs. The sandwich architecture of the SPPD is
shown in Figure 3b. A thin layer of prepared ZnO nanoparticles was
deposited onto the CsPbBr; MCs surface by spin coating at 2000 rpm
for 45 s. After being annealed at 60 °C for 30 min, the substrates were
transferred into vacuum thermal evaporation system. The 100 nm Ni/
Au and 80 nm Au films as the electrodes were thermal evaporated on
the GaN and ZnO layers under vacuum at a pressure of 2 X 1073 Pa,
respectively. The active area of film was measured to be about 1 mm?.

Characterization. The XRD characterization was performed on a
Bruker D8 system using Cu Ka radiation. The morphology and
components of the sample were testified by field emission scanning
electron microscopy (FESEM) equipped with energy-dispersive X-ray
spectroscopy (EDX). High-resolution transmission electron micros-
copy (HRTEM) spectra of the sample were obtained by Tecnai G2 F20
S-TWIN. The absorption spectrum was conducted by a Shimazu UV-
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3101 PC spectrophotometer. The room temperature photolumines-
cence (PL) spectra of CsPbBr; MC were performed by an ACTON
SpectraPro 2300i spectrograph and a Newport Ti:sapphire femto-
second with 35 fs pulse-width, 1 kHz repetition frequency, 800 nm
center wavelength with an optical parametrical amplifier used to tune
the output wavelength to 360 nm. Time-resolved PL spectra were
obtained on an Edinburgh FLS 920 fluorescence spectrometer by using
the pump beam of 405 nm laser. The I-V characteristics were measured
by an Agilent BISOOA semiconductor device analyzer. The time-
resolved photoresponse curves of the device were measured by using a
chopper to turn on/off the commercial light-emitting diodes (540 nm)
that illuminated on the device. Spectra dependent photoresponse of the
device were carried out by a detector system from Zolix Instruments
with a Si photodetector as reference.
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