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ABSTRACT: The pursuit of defect-suppressed metal halide
perovskite films with optimal optoelectronic properties remains a
persistent challenge in semiconductor device engineering. In this
study, the effects of NH; plasma on the fabrication of high-quality
CsPbBr; perovskite films are evaluated systematically. NH; plasma
generates NH, and NH species, which enhance grain growth and
reduce defect states. As a result, the trap density decreases
significantly from 7.9 X 10> cm™ to 6.8 X 10'" cm™, improving
CsPbBr; film quality. The photodetector assembled with the NH;
plasma-processed CsPbBr; film delivers outstanding performance,
including a responsivity of 62.7 A/W, detectivity of 7.7 X 10"
Jones, ultrafast response time of 0.1/0.3 ms, and exceptional
stability, all of which surpass the metrics of the non-plasma-treated

device. These findings offer a promising solution for enhancing the quality of CsPbBr; perovskite films, thereby improving the

properties of optoelectronic devices.
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1. INTRODUCTION

Lead halide perovskites have attracted significant attention due
to their outstanding optoelectronic properties, including high
carrier mobility, large absorption coeflicients, long carrier
diffusion lengths, and high photoluminescence (PL) quantum
efficiency.' ™ These exceptional characteristics make perov-
skite materials highly promising for a wide range of
optoelectronic applications, such as solar cells, photodetectors,
light-emitting diodes, and lasers."”” Compared to organic—
inorganic hybrid perovskites, all-inorganic perovskite materials
like CsPbBr; have superior stability, rendering them highly
promising in optoelectronic devices.'’~' Nevertheless, despite
these advantages, producing high-quality perovskite films is still
challenging. These films often contain crystal defects, such as
uncoordinated ions and dangling bonds, on the surface and in
grain boundaries. These defects can lead to nonradiative
charge recombination and reduce the efficiency of optoelec-
tronic devices.'® Moreover, they can cause ion migration and
water exposure, resulting in environmental instability and
further degradation of device performance.'” Therefore,
minimizing crystal defects and improving film crystallinity,
especially grain size and uniformity, are crucial to enhancing
the optoelectronic properties. Various strategies have been
proposed to improve the quality of perovskite films, for
example, by taking advantage of functional groups with
coordination properties to reduce grain boundary defects and
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promote uniform grain growth.'*™*" In this respect, NH, and

NH functional groups can coordinate with metal cations such
as Pb* and Sn®* in the precursor solution to lower the
reactivity of metal ions, regulate the nucleation rate, and avoid
excessively fast or uneven nucleation. These approaches have
been demonstrated to slow crystal growth and improve
uniformity and crystallinity.”>*® Specifically, NH, functional
groups can coordinate with Sn**/Pb** to slow crystal growth
and enhance the grain size in mixed Sn—Pb perovskites.””
Although the use of functional groups is promising in
solution-based methods, their application to chemical vapor
deposition (CVD) remains largely unexplored. Despite the
advantages of CVD such as large-area deposition, films
produced by this method, such as CsPbBr;, are typically
plagued by low carrier mobility and high defect density.”** Tt
is thus crucial to precisely control the film uniformity and
crystal growth directionality during CVD in order to obtain
larger grains with a low defect density. It is well established
that activation through glow discharge plasma enhances
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Figure 1. SEM images of the CsPbBr; films prepared at different NH; flow rates: (a) 0, (b) S, (c) 10, (d) 15, (e) 20, and (f) 25 sccm (scale bar = §
um) with the insets showing the grain diameter statistics of the corresponding CsPbBr; films. The grain sizes were calculated by analyzing over 150
grains from independent SEM images using the Image particle analysis tool.

material reactivity, accelerates surface reactions, and fosters the
formation of dense and uniform films with superior properties.
However, its application has mainly focused on modifying
halide perovskite film surfaces to improve the device
performance. In this work, unlike traditional plasma surface
modification of halide perovskite films,**™>> NH; plasma
processing is combined with CVD to prepare CsPbBr; films,
and the impact of various active species, such as H, NH, and
NH, generated by the plasma, on the film quality is
investigated. The schematic diagram of the experimental
setup and flow is presented in Figure S1 (Supporting
Information). Our findings reveal that the ammonia plasma
not only promotes grain growth and reduces grain boundaries
but also mitigates sub-band gap absorption and eliminates
defect states in the films. Owing to the superior film quality,
the photodetector has exceptional characteristics.

2. MATERIALS AND METHODS

Materials. Cesium bromide (CsBr, 99.9%) and lead(II) bromide
(PbBr,, 99.9%) were sourced from Aladdin Corp. (China) and used
without further purification.

Preparation of CsPbBr; Films. The CsPbBr; films were prepared
by one-step plasma-assisted chemical vapor deposition (CVD) in a
quartz tube furnace. The PbBr, (0.05 g) and CsBr (0.05 g) powders
were placed in the high-temperature zone, while the silicon-on-
insulator (SOI) substrate was positioned in the low-temperature
region. The system was evacuated to a base pressure of 0.6 Pa, and
argon (40 sccm, 99.9999% purity) and NH; (99.9999% purity) were
introduced to maintain a working pressure of 90 Pa. The precursors
were heated at a rate of 30 °C/min to 630 °C, at which point the glow
discharge plasma was ignited with an RF power of 10 W. The NH;
flow rate was varied between 0 and 25 sccm. The deposition was
carried out for 20 min, and afterward, the CsPbBr; films were
naturally cooled to room temperature. The samples, fabricated using
different NH; flow rates, were labeled as Sy, where X = 0, 5, 10, 185,
20, or 25 represents the corresponding NH; flow rate.

Device Fabrication and Photoelectrical Measurements. The
planar photodetectors with a metal—semiconductor—metal (MSM)
architecture were fabricated by depositing interdigital gold (Au)
electrodes with a S0 gm gap by magnetron sputtering by using a
custom mask. The schematic structure of the photodetector with a
CsPbBr; film thickness of approximately 2 ym is displayed in Figure
S2 (Supporting Information). The electrical and photoelectrical
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properties of the devices were determined at room temperature using
a Keithley 6517B electrometer coupled to a probe station. The
photocurrents were measured upon illumination with lasers with
wavelengths of 280, 365, 450, 550, 625, and 730 nm. The response
time was determined on a Rigol MSO7014 oscilloscope in
conjunction with a pulsed 450 nm laser.

Characterization. The surface morphology of the films was
examined by scanning electron microscopy (SEM) on a Hitachi
SUS000, and microstructural analysis was performed on a Horiba
LabRAM HR Evolution Raman spectrometer. The elemental
composition was determined by energy-dispersive X-ray spectroscopy
(EDS) using a Bruker EDS QUANTAX system. The photo-
luminescence (PL) and time-resolved PL measurements were carried
out on an Edinburgh FLS1000. The crystal structure was analyzed by
X-ray diffraction (XRD) performed on the X’pertPro Panalytical
diffractometer, and the UV—vis absorption spectra were acquired on
the Shimadzu UV-3600 spectrophotometer.

3. RESULT AND DISCUSSION

The samples fabricated under plasma conditions and using
different ammonia gas flow rates exhibit a pronounced Raman
peak at 70 cm™! and a broad band at 125 cm™ (Figure S3,
Supporting Information), both of which are typical lattice
vibration modes of CsPbBr; associated with the vibration of
[PbBrg]*~ octahedra and motion of Cs", respectively, while the
peak at 311 cm™ is related to the Raman second-order phonon
scattering mode of CsPbBry.*” Figures la to 1f present the
SEM images of the samples prepared under plasma conditions
and using different ammonia flow rates. In the absence of
ammonia plasma, the surface morphology of the sample is
dense, with grain sizes of approximately 2.0 ym. After exposure
to ammonia plasma, a noticeable increase in the primary grain
size is observed. At an ammonia flow rate of 15 sccm, the grain
size increased significantly to about 4.0 ym. Concurrently, the
grain density decreases with increasing ammonia flow rates,
showing a significant reduction in grain boundaries. However,
when the ammonia gas flow rate increases further from 15 to
25 sccm, the grain size decreases gradually and the grain
density increases. The results indicate that within a certain
range, a moderately higher flow rate of ammonia facilitates
grain growth and reduces the number of grain boundaries.
Figure S4 (Supporting Information) displays the X-ray
diffraction (XRD) patterns of the samples, which exhibit a
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polycrystalline cubic perovskite structure (PDF#54-0752) with
Pm3m symmetry. The diffraction peaks at 21.6° and 26.6°,
corresponding to the (110) and (211) planes of CsPbBr;, are
prominent. As the ammonia flow rate increases, the intensity of
the (110) peak becomes higher, suggesting that a higher
ammonia flow favors preferential growth along the (110)
direction. Hence, the NH; plasma plays an important role in
the deposition of CsPbBr; films similar to that of NH, and NH
functional groups in solution-based methods.

The samples exhibit a primary absorption edge near 2.3 eV
(Figure 2), consistent with the typical absorption profile of

Figure 2. Optical absorption spectra of the CsPbBr; films prepared at
different NH; flow rates with the inset showing the Tauc plots of the
CsPbBr; films derived from the absorption spectra.®

CsPbBr,.”* Significant sub-band gap absorption is observed in
the range of 1.7—2.2 eV due to defect states, which introduce
localized energy levels that facilitate electron transitions and
allow absorption of low-energy photons. As the NH; flow rate
is increased to 15 sccm, a substantial reduction in sub-band gap
absorption is observed, suggesting that the higher NH; flow
rate reduces the density of defect states. However, when the
NH; flow rate is excessively high, sub-band gap absorption
increases once again, signaling the formation of additional low-
energy states. The variation in sub-band gap absorption with
increasing NHj flow rate is consistent with the trend observed
in Urbach energy evolution (Figure SS, Supporting Informa-
tion). Therefore, an excessively high NH; flow rate may
produce structural disorder and increase the defect state
density, potentially linked to the proliferation of grain
boundaries, as shown in the SEM images in Figure 1. The
PL characteristics of the films are shown in Figure 3a. All
samples exhibit a characteristic emission peak around 530 nm
typical of CsPbBr;.** The PL intensity depends on the NH,
flow rate, increasing sharply with the NH; flow rate and
reaching a maximum at 15 sccm. This observation suggests a
substantial decrease in nonradiative recombination centers as
the NH; flow rate increases to 15 sccm. However, a further
increase in the NHj; flow rate decreases the PL intensity,
indicating that the optimal NH; flow rate is necessary to
reduce nonradiative recombination centers and suppress
nonradiative recombination. In fact, beyond the optimal flow
rate, excessive plasma exposure may induce surface damage or
etching effects and then introduce additional surface or bulk
defects, thereby leading to a decrease in PL intensity. The
correlation between PL intensity and NHj; flow rate aligns with
the relationship between changes in sub-band gap absorption
and NH; flow rate, consequently supporting the conclusion

Figure 3. (a) PL spectra of CsPbBr; films deposited at different NH; flow rates excited by the 375 nm Xe lamp with the inset showing the PL
intensity as a function of NHj; flow rates; (b) TRPL spectra of CsPbBr; films prepared at different NH; flow rates monitored at 540 nm with the
inset showing the PL lifetime as a function of NHj; flow rates; 2D pseudocolor maps of the PL spectra as a function of temperature from 80 to 300
K of the CsPbBr; films prepared (c) without and (d) with NH; plasma at a flow rate of 15 sccm.
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Figure 4. SCLC measurements of the CsPbBr; films prepared (a) without and (b) with NH; plasma at a flow rate of 15 sccm.

that an appropriate NH; plasma flow rate can reduce the defect
state density in the films, while an excessively high NH; flow
rate increases the defect state density. Figure 3(b) presents the
PL decay curves of the samples processed under varying NH;
flow rates. The PL decay can be fitted by the following
biexponential function:*®

I(t) = I + Ae™/™ + A7 (1)
where I; represents the background level, 7, and 7, are the fast
and slow decay time constants, and A, and A, are the
corresponding amplitudes. The average PL lifetime was
calculated as described in ref 36, increases from 4.5 to 36.6
ns as the NH; flow rate increases from 0 to 15 sccm (inset in
Figure 3b), indicating a significant reduction in nonradiative
recombination centers in the films grown with the NH,
plasma. However, further increasing the NH; flow rate from
1S to 25 sccm results in a slight reduction in the PL lifetime to
29 ns due to the introduction of additional defect states, as
discussed above. Figures 3¢ and 3d present the 2D pseudo-
color maps of the temperature-dependent PL spectra of the
CsPbBr; films, revealing a consistent blue shift as the
temperature decreases from 300 to 80 K, accompanied by a
notable narrowing of the full-width at half-maximum (fwhm)
of the PL peaks. As the temperature decreases to 80 K,
amplified spontaneous emission (ASE) at around 540 nm with
a fwhm of approximately 7 nm becomes prominent in both
samples. However, with regard to the sample prepared without
the NH; plasma, a broad and weak emission band associated
with self-trapped excitons (STEs) is observed in the 550—650
nm region with a peak at $70 nm.”” The intensity of this
emission band increases as the temperature decreases. In
contrast, this self-trapped exciton emission peak is absent from
the sample prepared with 15 sccm of NH;, demonstrating the
effective elimination of defect states in the film.

To further evaluate the quality of the CsPbBr; films, we
employed the space-charge-limited current (SCLC) method, a
well-established technique for probing charge transport
characteristics such as tra? density and carrier mobility in
semiconducting thin films.”® The measurements were carried
out on single-carrier devices with a sandwich architecture in
which charge transport is dominated by a single carrier type.
The current—voltage (I—V) characteristics obtained from these
devices were used to extract quantitative information on defect
states and carrier dynamics. Figure 4 reveals three distinct
regions. The ohmic region (n = 1, orange line) is observed at a
low bias, followed by the trap-filled region (n > 3, green line)
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starting at trap-filled limit voltage (Vg ), where all of the traps
are filled. At a high bias, the Child region (n = 2, blue line) is
observed. Notably, after NH; plasma processing, the Vi,
diminishes to approximately 0.54 V, compared to 6.28 V for
the untreated film. The defect density (nmp) and charge carrier
mobility () can be derived by the Mott—Gurney equation:®

2608, Vg
T T @)
_ 8JL?

9e,e, V> (3)

where e represents the elementary charge, €, is the vacuum
permittivity, €, is the relative dielectric constant, L represents
the 50 pm separation between the electrodes, and V and | are
the Child limit voltage and the corresponding current density,
respectively. The defect density of the NH; plasma-processed
film is determined to be 6.8 X 10" cm™, revealing a
substantial decrease from 7.9 X 10'> cm™ of the untreated
films. The reduction in defect states highlights the effectiveness
of NH; plasma in enhancing the film quality. The charge
carrier mobility of the plasma-treated films calculated by eq 3 is
0.5 cm® V7's™!, which significantly surpasses that of the
untreated film of 0.25 cm® V' s7". The enhanced performance
can be attributed to grain growth and a reduction in defect-
related nonradiative recombination pathways after NH; plasma
processing. In fact, the role of NH; plasma in CsPbBr; film
deposition is analogous to that of the NH, and NH functional
groups in solution-based processes. During film deposition, the
NH,; plasma generates active species such as hydrogen (H),
amine (NH), and amino (NH,) groups.39 As shown in Figure
S6, the concentrations of H, NH, and NH, groups increase
with increasing the NH; flow rate. The nitrogen atoms in NH,
or NH groups possess lone pairs of electrons to function as
Lewis bases. As displayed in Figure S7, it is suggested that
during film deposition these species can coordinate with
undercoordinated Pb>* ions, which act as Lewis acids. This
temporary coordination modifies the local chemical environ-
ment of Pb?*, reducing its reactivity and effectively
“passivating” the ions. As a result, uncontrolled nucleation is
suppressed, slowing the crystallization process and facilitating
the formation of larger, more well-defined grains with fewer
grain boundaries. As the concentration of NH and NH, groups
increases, the excessive crystallization of Pb** is more
efficiently suppressed, and the growth of larger CsPbBr; grains
is promoted. In addition, the NH; plasma treatment passivates
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Figure 5. (a) Logarithmic I-V curves of the photodetectors composed of CsPbBr; films prepared without NH; plasma (device A) and with NH,
plasma at a flow rate of 15 sccm (device B), measured in darkness and under 450 nm illumination with a power density of 27.5 mW cm™ The
effective area of the photodetectors is approximately 0.68 mm?, where an interdigital Au electrode with a 50 m spacing is deposited by magnetron
sputtering using a mask. (b) Photocurrents of devices A and B at different wavelengths using a bias voltage of 0.5 V and light power density of 27.5
mW cm™ Dependence of (c) responsivity (R) and (d) specific detectivity (D*) of devices A and B on illumination power density. (e) Normalized
photoresponse of device B versus input signal frequency. (f) Time—response curves, including the rise and decay times of device B, upon
illumination with 450 nm light with a power density of 20 mW cm™ at a bias voltage of 0.5 V. The rise time and decay time are defined as the
durations required for the photocurrent to increase from 10% to 90% and decrease from 90% to 10% of its steady-state value, respectively, during
light switching.43 (g) Current—time (I—t) curves of device B at a bias voltage of 0.5 V upon irradiation with a 20 mW cm™ laser.

defects at the film surface and grain boundaries to improve the
overall surface morphology and reduce the number of defect
states. The combined effects enhance the film quality by
improving the grain size and uniformity.

To evaluate the potential of CsPbBr; films in optoelectronic
applications, planar metal—semiconductor—metal (MSM)
photodetectors are fabricated. Figure Sa and Figure S8 show
the I-V characteristics of devices A and B, measured in
darkness and under illumination by a 450 nm laser with
different power densities. At a bias voltage of 0.5 V, the dark
current (I) of device B is significantly smaller (0.14 nA) than
that of device A (3.11 nA). However, under illumination with a
power of 27.5 mW cm™, the photocurrent (I,) of device B
reaches 18.7 uA, which is higher than that of device A of 2.6
MA. This leads to a significant increase in the ON/OFF current
ratio of the photodetector, from approximately 6.0 X 10*
(device A) to ~1.0 X 10° (device B), under 450 nm
illumination at a power density of 27.5 mW cm™> and a bias
voltage of 0.5 V. Figure Sb further demonstrates that device B
consistently outperforms device A across a range of excitation
wavelengths, highlighted by a significant improvement in the
ON/OFF current ratio. The enhanced performance is
attributed to the larger grain size and reduced defect density
in the CsPbBr; film of device B. They also contribute to a
wider linear dynamic range (LDR), calculated using the
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formula LDR = 2010g(Py/Poin), " compared to device A
(Figure S9). The responsivity as a function of incident light
power under different light illuminations is presented in Figure
Sc and Figure S10a. The responsivity of the photodetectors is
quantified by the formula R = (I, — 1,)/(P-S), where P is the
incident light intensity and S is the effective irradiated area.”'
As shown in Figure Sc, the responsivity R of device B exhibits a
response of 62.7 A/W, which is more than 100 times higher
than that of device A of 0.6 A/W. Figure 5d and Figure S10b
show the relationship between D* and the incident irradiance
power under various light illuminations. As shown in Figure
5d, the specific detectivity (D*) of device B, calculated by the
formula of D* = R-§"2/(2e-I,4)"/%,** reaches 7.7 X 10" Jones,
which surpasses 1.6 X 10'° Jones of device A.

To investigate the dynamic photoresponse, the current—
time (I—t) curves of the devices are acquired under 450 nm
light illumination at 20 mW and a bias of 0.5 V (Figure Sg and
Figure S11). After 2000 s (2000 cycles) of operation, the
current of device A increases (Figure S11), while that of device
B remains stable (Figure Sg), indicating that device B has more
reliable and reversible optical switching characteristics. The —3
dB cutoff frequency (-3 dB) of device B is determined to be
approximately 1000 Hz (Figure Se), compared to 100 Hz for
device A (Figure S12), highlighting the superior high-
frequency stability of device B. Furthermore, the response
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and decay times of device B at 1000 Hz are 0.1 and 0.3 ms
(Figure Sf), respectively, which are significantly faster than
those of device A (0.5 and 3.2 ms, respectively; Figure S13). In
other words, the photodetector with the plasma-processed
CsPbBr; film has significantly better characteristics such as a
responsivity of 62.7 A/W, a detectivity of 7.7 X 10'? Jones, an
ultrafast response time of 0.1/0.3 ms, and exceptional stability,
all of which are better than those of the device composed of
the untreated CsPbBr; film, which shows a responsivity of 0.6
A/W, a detectivity of 1.6 X 10'° Jones, and a response time of
0.5/3.2 ms. Table S2 (Supporting Information) compares the
performance of recently reported lead halide perovskite
photodetectors to similar MSM architectures. Notably, our
device, based on CsPbBr; films fabricated using NH; plasma,
demonstrates superior responsivity, rapid response, and high
detectivity. These results highlight the effectiveness of NH;
plasma-assisted growth in advancing the performance of
CsPbBr; perovskite photodetectors.

4. CONCLUSIONS

The significant advantages of NH; plasma processing in
improving the quality and performance of CsPbBr; perovskite
films are demonstrated. The NH; plasma promotes grain
growth, reduces grain boundaries, and eliminates defect states,
resulting in a notable reduction in the defect density from 7.9
X 10" cm™ to 6.8 X 10" cm™. As a result, the photodetector
fabricated with the plasma-treated film has exceptional
characteristics such as high responsivity, detectivity, ultrafast
response times, and stability, all of which substantially
outperform the device without plasma processing. The
enhanced performance and stability of NH; plasma-treated
CsPbBr; films make them highly promising candidates for
applications in optical communications and environmental
sensing.
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Figure S1. Schematic diagram of the experimental setup and flow. (a) The NH3 plasma-assisted chemical vapor

deposition for synthesizing high-quality CsPbBr; film; (b) The NH3 glow discharge plasma diagnostics using optical

emission spectroscopy.
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Figure S2. Schematic structure of the photodetector.
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Figure S3. Raman spectra of CsPbBr; films deposited using different NH3 flow rates excited by the 633 nm laser.
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Figure S4. XRD patterns of CsPbBr; films prepared with different NH3 flow rates. (Sg) 0 sccm, (Ss) 5 sccm, (S1o)

10 scecm, (S1s) 15 scem, (Syg) 20 scem, and (Szs) 25 scem.

S5



Figure S5. The variation of Urbach energy (Ey) of CsPbBr; films as a function of NH; flow rate. The Ey, values were

extracted from optical absorption measurements following the method described in Ref. 1-2.
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Figure S6. presents the optical emission spectrum of an NHs+Ar plasma at varying NH3 flow rates. The spectrum

shows a prominent emission band of NH centered around ~450 nm, an intense Ar emission peak near ~750 nm, and

a blend of NH; emission at ~661 nm overlapping with the H emission band at ~656 nm.
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Figure S7. Schematic illustration of NH3 plasma processing CsPbBr; films.
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Figure S8. (a) Logarithmic I-V curves of the photodetectors composed of CsPbBr; films prepared without the NH3

plasma (device A) and (b) with the NH3 plasma at a flow rate of 15 sccm (device B), measured in darkness and under

450 nm illumination with different power densities.
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Figure S9. Dependence of photocurrents on illumination power densities for devices A and B at a bias voltage of 0.5

V.
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Figure S10. (a) Responsivity (R) and (b) Specific detectivity (D*) of different devices (A and B) under illumination

with a 365 nm laser with different illumination power densities.
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Figure S11. Current-time (I-t) curves of device A at a bias voltage of 0.5 V upon 20 mW cm-2 laser illumination.
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Figure S12. Time-response curve of device A upon 450 nm laser illumination using a power density of 20 mW cm-

2and bias of 0.5 V.
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Figure S13. Waveforms of device A showing the rise and decay times upon 450 nm laser illumination at a power

density of 20 mW cm-2 and bias of 0.5 V.
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Table S1. Summary of deposition parameters

Process

NH; Plasma

CVD Growth

Au Electrode Deposition

Parameter

Frequency

Power

Exposure Time

NH; flow ratio

Precursor-Substrate Distance

Carrier Gas (Ar)

Reactive sources (CsBr, PbBr2)

Growth Temperature

Sputtering Power

Sputtering time

Gas

pressure

Substrate temperature
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Value/Condition

13.56 MHz

10W

20 min

0-25 sccm

40 cm

40 sccm

0.05g, 0.05g

300°C

30 W, 40 mA

20 min

Ar

4 Pa

Room temperature



Table S2. Summary of performance parameters of photodetectors fabricated with organic, hybrid or inorganic
perovskite films.

D*
Absorbers Detection Style R (AW1 trise/tean (US Ref.
y ( ) (JOHE‘S) rise fall( )
MAPDBT;3 film Visible Detection 5.04 5.37x10%? 80/110 (3)
Visible
MAPDI; film ] 81 > 1x1010 230/380 4)
Detection
MASNPbI; film Infrared Detection 0.2 ~1x1012 2.27 (5)
CsPbCl; film UV Detection 0.22 4.06x101%  1.92/0.45 (6)
CsPbBr; nanocrystals
3 NANOCIYSIAIS  \isible Detection 3 12x 1013 i )
film
CsPbBr; @SiOR Visible-UV
@SIC _ 445 9x 101 5000/4600  (8)
nanocrystals film Detection
CsPbBr; film Visible Detection 3.15 3.94x10'>  8000/6500 9)
CsPbBr3 film Visible Detection 55 9x10%? 430/318 (10)
. - . This
CsPbBr; film Visible Detection 62.7 7.7x1012 100/300 ork
wi
“~": not available
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