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ABSTRACT: Hybrid organic−inorganic metal halide perovskites
(HOIP) have become a promising visible light sensing material
due to their excellent optoelectronic characteristics. Despite the
superiority, overcoming the stability issue for commercialization
remains a challenge. Herein, an extremely stable photodetector was
demonstrated and fabricated with Cs0.06FA0.94Pb(I0.68Br0.32)3 per-
ovskite by an all-vacuum process. The photodetector achieves a
current density up to 1.793 × 10−2 A cm−2 under standard one sun
solar illumination while maintaining a current density as low as
8.627 × 10−10 A cm−2 at zero bias voltage. The linear dynamic
range (LDR) and transient voltage response were found to be
comparable to the silicon-based photodetector (Newport 818-SL).
Most importantly, the device maintains 95% of the initial
performance after 960 h of incessant exposure under one sun solar illumination. The achievements of these outstanding results
contributed to the all-vacuum deposition process delivering a film with high stability and good uniformity, which in turn delays the
degradation process. The degradation mechanism is further investigated by impedance spectroscopy to reveal the charge dynamics in
the photodetector under different exposure times.
KEYWORDS: perovskite, photodetector, stability, specific detectivity, thermal evaporation

1. INTRODUCTION
Development of a photodetector with high performance is vital
for various optoelectronic applications, including environ-
mental surveillance, night vision, biomedical images, and
optical communication.1−4 Besides the figures-of-merit govern-
ing the performance of the photodetector such as responsivity
(R), specific detectivity (D*), and temporal response,5−8 the
operational stability of photodetector devices is a critical
parameter for successful commercialization of the technol-
ogy.9−11 Conventional photodetectors are fabricated with
crystalline semiconductors, predominantly silicon based due
to long-term stability.12,13 However, due to the rising cost in
the fabrication processes, albeit the availability of abundant
natural resources, researchers are looking for other accessible
alternatives to manufacture a sensitive, low-cost, and durable
photodetector.14

Hybrid organic−inorganic perovskites (HOIPs), an emerg-
ing crystalline semiconductor, show potential for use as a
visible light photodetector due to their favorable properties
such as high absorption coefficient, tunable band gap, low trap
density, high charge carrier mobility, fast light responsivity, and
ease of processing.15−19 Till now, high performance perovskite-
based photodetectors have been fabricated via a solution
process in the laboratory.20,21 Large-scale fabrication of the

perovskite photodetector will be required for commercializa-
tion in the near future, suggesting the suitably of the thermal
evaporation method. Thermal evaporation is a matured
technology in industry, having unique advantages over the
solution process, i.e., precise control over the film thickness,
the possibility of fabricating a complex structure, and the
ability to exclude the use of toxic solvents.22−25 After the
pioneering work reported by the Miyasaka group in 2009,26

Snaith and co-workers have showcased thermally evaporated
perovskite as a promising choice compared to the solution
process technique.27,28 Although progress with methylammo-
nium lead iodide (MAPbI3) is made after control over
relatively high vapor pressure of methylammonium com-
pound,29 only limited groups could produce efficient perov-
skite solar cells surpassing a power conversion efficiency
(PCE) of 20.0% based on thermal evaporation process.30 In
2018, Li et al. have realized perovskite mini-modules on an
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active area of 21 cm2 with PCE up to 18.13%.31 This validates
the possibility of large-area mass production via thermal
deposition of perovskites. However, limited success is achieved
in thermal evaporation of perovskites rather than a
methylammonium system. Besides, the ambiguity on the
long-term stability of the methylammonium-based perovskite
has rarely been addressed for devices fabricated via a thermal
evaporation process.

The volatility and decomposition of the methylammonium
cation under thermal stress hinder the long-term stability of
the methylammonium-based perovskite optoelectronics. In
2017, Borchert and co-workers explored the potential of
formamidinium lead iodide perovskite (FAPbI3) as an
alternative for a large-area solar cell system under vacuum

deposition. The compact, pinhole-free, homogeneous thin film
of FAPbI3 with large-area (8 × 8 cm2) demonstrates the
potential of the formamidinium compound as a vapor
deposited alternative instead of the MAPbI3 system. However,
the FAPbI3 perovskite suffers from an undesirable non-
perovskite phase (δ-phase) with yellow color under high
humidity with limited device performance.32 Utilization of
additives to stabilize the crystal phase by controlling crystal
growth has resulted in the smoother morphology of the
perovskite film with passivated defects and improved device
performance.33 Yi et al. demonstrated that adding CsI to
FAPbI3 stabilizes the crystal phase and eliminates the
undesirable δ-phase, while adding CsBr to FAPbI3 achieves
the highest performance out of three proposed compositions

Figure 1. (a) Perovskite thin film characterization. (a) Absorption spectrum. (b) The energy level of CsFAPbIBr. Two-dimensional GIWAXS
patterns corresponding to the vacuum-deposited CsFAPbIBr films prepared with different substrates: (c) Si/PVSK, (d) Si/MoO3/TaTm/PVSK,
(e) in-plane, (f) out-of-plane.
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using a solution process method. This mixed CsxFA(1−x)PbX3
device also shows a good stability of 1000 h stored in the dark
under ambient condition and without encapsulation.34 Further
investigation by Liu et al. shows that incorporating CsI or CsBr
additive into FAPbI3(Cl) using a solution process not only
avoids the undesirable δ-phase but also improves the film
quality, maintains the stability, balances the charge mobility,
and reduces the trap states.35 In 2020, Chiang et al.
demonstrated the feasibility of a three-source vacuum
deposition process for FA0.7Cs0.3Pb(I0.9Br0.1)3 perovskite thin
films to avoid the formation of undesirable δ-phase and achieve
PCE values up to 18% and Jsc up to 23 mA cm−2 by adding
excess PbI2 in the methylammonium-free thin film. The
encapsulated device shows no degradation in performance for
18 days under ambient conditions.24

In this work, we optimize a perovskite photodetector using
CsBr, FAI, and PbI2 materials under a fully thermal vacuum
deposition process. The optimized perovskite device is then
compared to the commercially available (Newport 818-SL)
silicon-based photodetector (Si−Pd). Our optimized device
achieves Jsc of 1.793 × 10−2 A cm−2, Jdark of 8.627 × 10−10 A
cm−2 at zero bias voltage, and a high on/off ratio of 2.08 × 107.
The device also shows a long linear dynamic range (LDR) and
a fast photovoltage response comparable to that of the
Newport 818-SL Si−Pd. To test the stability of the perovskite
material, the thin film was stored at 25 °C and at relative
humidity of 30% in dark conditions. Similarly, the device
stability was studied by exposing the device under one sun
illumination with different exposure times in ambient
conditions. We find that our optimized perovskite device is
able to maintain 95% of the initial performance after even 960
h in ambient environment. The dark current of the perovskite
device is stable even after running forward and reverse scans
continuously 1000 times. This exceptional stability is explained
well using GIXRD data. In addition, impedance spectroscopy is
employed to reveal the charge dynamics of the photodetector
under different exposure times to understand the degradation
mechanism process.

2. RESULTS AND DISCUSSION
The absorption coefficient of the CsFAPbIBr perovskite film
deposited directly on the glass substrate is shown in Figure 1a.
The absorption coefficient is over 104 cm−1 in the wavelength
range of 350−750 nm, suggesting the application of the
perovskite material in the visible wavelength. The valence band
(VB) of the perovskite film is determined by using ultraviolet
photoelectron spectroscopy (UPS) with an ionization source
of He I (21.2 eV). From the UPS spectrum shown in Figure
S1, the work function and highest occupied molecular orbital
(HOMO) of the CsFAPbIBr perovskite film is estimated to be
−3.89 and −5.89 eV, respectively. An optical energy gap of
about 1.7 eV is obtained from the UV absorption spectrum.
Therefore, the lowest unoccupied molecular orbital (LUMO)
of the perovskite film is −4.19 eV. The energy levels of the
CsFAPbIBr perovskite film is shown in Figure 1(b). We
elucidate the chemical composition of the perovskite film by X-
ray photoelectron spectroscopy (XPS). The XPS signals of Cs
3d, N 1s, I 3d, and Br 3d are detected. The XPS spectra of Cs
3d, N 1s, I 3d, and Br 3d are processed by XPSPEAK software,
and the relative amounts of the constituent atoms of the
CsFAPbIBr perovskite films are summarized in Table S1. The
XPS spectra of CsFAPbIBr perovskite films is shown in Figure
S1c. The atomic ratios of Cs:N and Br:I are 0.06 and 0.46,

respectively, as calculated by integrating the area under the
peak corresponding to the elements. Therefore, the chemical
composition of the perovskite films can be determined as
Cs0.06FA0.94Pb(I0.68Br0.32)3.

The grazing incidence small-angle X-ray scattering (GI-
SAXS) results shown in Figure S1d and e indicate that the
perovskite deposited directly on silicon (Si) substrate exhibits
nanocrystal domains (Q ∼ 0.025 Å−1), while the perovskite
deposited on the TaTm film shows larger crystal domains with
dense perovskite grains or no micropore inside the perovskite
film. The GISAXS profiles were obtained by cutting a
horizontal line (in-plane direction) around the Yoneda peak
of the active layer on the 2D GISAXS patterns.36,37 Figure 1c−
f present the 2D grazing incidence wide-angle X-ray scattering
(GIWAXS) patterns which shows the diffraction rings
corresponding to the (001) and (002) planes at Q = 1 and
2 Å−1, respectively. The wedge-shaped area of pole figures is
related to the contribution of crystallites at exactly out-of-plane
direction (Qx = 0) which could be missed. The literature
proposes a line-cut approach to correct the wedge-shaped area
by Gaussian fitting.37−39 In the present work, we consider all
other oriented crystallites around the out-of-plane direction to
represent all crystallites over this azimuthal distribution so that
the correction to the wedge-shaped area is not adopted. This
approximation is available for the qualitative and relative
interpretation. For the perovskite deposited on the TaTm film
(PVSK/TaTm), the (001) plane oriented to the out-of-plane
direction (Qz direction), i.e., perpendicular to the TaTm film
surface dominates. In comparison to the perovskite deposited
on the Si, the clear diffraction spot in the Qz direction of
PVSK/TaTm films indicates the highly oriented crystallites. In
addition, the PVSK/TaTm shows that a fraction of crystallites
exhibiting the (001) plane oriented to the in-plance direction
(Qx direction), i.e., parallel to the TaTm film surface. We can
determine the relative crystallinity according to the azimuthally
integrated intensity of the (001) ring in the 2D GIWAXS
pattern (polar angle (χ): 90−180°). Based on our previous
study,40 the relative crystallinity can be roughly determined
from the integration of peak intensities. The PVSK/TaTm
reveals a higher crystallinity along the Qz direction than the
perovskite films on the Si. Moreover, the appearance of
diffraction spot at Q = 0.7 Å−1 in the perovskite deposited on
the Si implies the presence of nonperovskite phase (δ-CsPbI3
crystallites) in the perovskite film, which is spontaneously
converted from the perovskite phase. δ-CsPbI3 has been
confirmed in the previous research.41 However, the PVSK/
TaTm film shows a large number of perovskite crystallites
oriented along Qz-direction and absence of the δ-CsPbI3
crystallites. The determination of orientation distribution of
the edge-on crystallites as the majority was obtained by
azimuthal distribution along (χ): 40−150° according to the
azimuthal-tube-cut method.42 The fwhm (∼2.35σ) values of
the edge-on crystallites for the Si/PVSK and Si/MoO3/TaTm/
PVSK films are 35° and 23°, respectively.

The contribution of isotropic crystallites around the (100)
arc spot can be ignored. According to our results, Si/MoO3/
TaTm/PVSK film shows a large amount of Qz crystallite
orientation and no nonperovskite phase (δ-CsPbI3 crystal-
lites). Therefore, we believe that the high Qz crystallite
orientation facilitates the carrier transport in the vertical
direction and the regular lattice arrangement is benefited to
reduce the defects and avoid structural degradation due to
water penetration. This is the main reason for the good
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performance and high stability of the perovskite photodetector
fabricated by thermal vacuum deposition.

The optimized structure of our perovskite device is shown in
Figure 2a. The structure follows as ITO/MoO3 (10 nm)/
TaTm (10 nm)/Cs0.06FA0.94Pb(I0.68Br0.32)3 (330 nm)/C60 (10
nm)/CN-T2T:C60 (10 nm)/Ag (100 nm). The substrate
temperature was controlled at 8 °C with an annealing
temperature set at 135 °C for 30 min. The detailed
performances are summarized in Table S2. The device with
optimized perovskite and structure exhibits an open-circuit
voltage (Voc) of 0.98 V, Jsc of 1.793 × 10−2 A cm−2, Jdark of
8.627 × 10−10 A cm−2, and a light on/off ratio of 2.08 × 107 at
zero bias voltage. Figure 2b depicts the J−V curve under
forward and reverse bias from −2.0 to 2.0 V. We observe
hysteresis as the forward Jdark of 8.627 × 10−10 A cm−2 and
reverse Jdark of 1.265 × 10−9 A cm−2 at zero bias voltage. Figure
S2a shows the external quantum efficiency (EQE) spectra. The
EQE spectra of the perovskite device at zero bias voltage show
broadband spectrum under visible wavelength covering the
range from 300 to 780 nm with two main peaks at 470 and 610
nm, while the Si−Pd shows a larger broadband with the
response beyond 780 nm. The high EQE value over 80% is
correlated to the high absorption coefficient at the specific
wavelength. The responsivity and integral current density
under zero bias voltage for perovskite devices compared to Si−
Pd are shown in Figure 2c. The responsivity of the perovskite
device surpasses that of Si−Pd in the range of 390−640 nm,
showing the superiority of our perovskite device as an
application in the visible wavelengths. The responsivity of
perovskite device at zero bias voltage at the wavelength of 530

nm is 0.359 A W−1, slightly higher than that (0.346 A W−1) of
Si−Pd one. The specific detectivity (D*) is an important
parameter of a photodetector because determines the detection
ability at the weakest photo signal. Figure 2d shows the D*
obtained using Jdark and Iwhite noise as expressed in eqs 1 and 2
given below

(1)

(2)

where R is responsivity (A W−1), q is elementary charge (1.602
× 10−19 C), Jdark is dark current density (A cm−2), A is the area
(cm−2), Δf is noise bandwidth (Hz), Iwhite noise is the root-
mean-square (RMS) of white noise current (A). The D* values
for both Jdark and Iwhite noise are over 1012 Jones in the
wavelength range of 350−700 nm, while 1.747 × 1013 for Jdark
and 7.496 × 1012 for Iwhite noise at the wavelength of 530 nm.
The D* value is measured under zero bias voltage and noise
current spectra is shown in the inset of the figure. The value of
Iwhitenoise was obtained using eq 343

(3)

where f1 is lower and f 2 is higher bandwidth (Hz) and in2 is the
noise current value (A (Hz1/2)−1). The Iwhitenoise value was 2.98
× 10−15 A at the bandwidth range from f1 = 100 Hz to f 2 =

Figure 2. (a) The perovskite device structure. (b) J−V curves. (c) Responsivity (A/W) spectra and integrated current density of the perovskite
device compared to Newport 818-SL silicon photodetector. (d) Specific detectivity (D*) under dark conditions, inset incudes the noise current.
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1000 Hz. The linearity of the response at different light
intensities is also investigated. The linear dynamic range
(LDR) of the devices, i.e., the ratio between the current
densities at higher and lower intensity of the light while
maintaining the linear response is measured. A photodetector
with wider LDR provide the opportunity to sense light with
wider variation in intensities linearly. The LDR is calculated
following the equation given as

(4)

where Jhigh is the higher limit and Jlow is the lower limit of
current density (A cm−2) under light exposure. Figure 3a
compares the LDR plot of our perovskite device and Si−Pd at
zero bias with green light emitting diode (LED) at wavelength
of 530 nm as the light source. Our perovskite device shows
LDR of 127.036 dB with Jdark of 1.27 × 10−9 A cm−2 at zero
bias voltage. The LDR (134.372 dB) of Si−Pd is slightly higher
resulted from low Jdark (3.83 × 10−12 A cm−2). The two order
of difference in LDR is derived from the limitation of achieving
the dark current in our device below 1.41 × 10−10 A cm−2. In
addition, the frequency response (known as f−3 dB) is presented
for further investigation. Here, the bandwidth of f−3 dB
describes the attenuation factor, expressing the output optical
signal degraded by 1/√2 according to an input of the
illumination power density.44−47 The attenuation (dB) at a
cutoff frequency of −3 dB is shown in Figure 3b. The cutoff

frequencies (at −3 dB) of the perovskite and Si−Pd devices are
around 600 kHz and 700 kHz, respectively. The attenuation of
the perovskite device at 1 kHz degrades around −0.18 dB. The
Si−Pd maintains the frequency response until around 400 kHz
with attenuation degrading around −0.35 dB. For further
investigation, the pulse response is measured under different
given frequencies at 1 kHz, 50 kHz, 100 kHz, 500 kHz, and 1
MHz for both the perovskite and Si−Pd devices.

Figure 3c shows the response of the perovskite device
comparable to Si−Pd. Above the given frequency of 500 kHz,
both the devices show sinusoidal response since the applied
frequency is above the cutoff frequency. As the photodetector
needs to have a fast response, it is important to investigate the
response time. Two parameters can be extracted from the
response time which are rise time (τrise) and fall time (τfall).
The response time is correlated to charge recombination,
transportation, and collection processes. The time taken for
photovoltage to rise from 10% to 90% is defined as the τrise and
to drop from 90% to 10% is defined as the τfall. Figure 3d shows
the photovoltage response of the perovskite device, which is
measured using green LED at wavelength of 525 nm under
zero bias voltage and 100 kHz frequency. The perovskite
device shows the τrise of 629.6 ns and the τfall of 616.6 ns, while
the Si−Pd shows the τrise of 694.4 ns and the τfall of 830.5 ns.
We observe that the response time of our perovskite the τfall of
19.5 μs.48 It insinuates the possibility of introducing CsBr
material into the FAPbI3 system to reduce carrier trapping and
improve the grain quality, resulting in a faster response time in

Figure 3. Pristine perovskite device compared to the Newport 818-SL silicon photodetector. (a) The linear dynamic range (LDR) and (b) the
attenuation (dB) at a cutoff frequency −3 dB of the perovskite device under green LED illumination at 525 nm. (c) The pulse response under
different given frequencies of 1 kHz, 50 kHz, 100 kHz, 500 kHz, and 1 MHz. (d) The photovoltage response of the perovskite device at zero bias
voltage and frequency of 100 kHz under green LED illumination at 525 nm.
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the photodetector. The uniform and pinhole-free film is
desirable for a smoother junction to achieve an efficient
photodetector with a high-speed response. To test the device
lifetime and stability, we measure the performance of the
perovskite device under one sun illumination for different
exposure times at ambient atmosphere. The EQE spectra,
responsivity, and integral current density are shown in Figure
S2. The lifetime data of the perovskite device are summarized
in Table S2. As we know several factors could affect the
degradation such as moisture, oxygen, and heat. We believe
that the low degradation observed in the perovskite device is
due to good encapsulation which could avoid moisture and
oxygen. The data also show that the EQE value is still
maintained at over 80% after being exposed to one sun for 960
h. This indicates excellent photon-to-electron conversion
efficiency as well as high absorption coefficient value. The
overall device performance is still maintained at over 95% even
after 960 h exposure under one sun illumination. Figure S3
shows the forward and reverse scan of the J−V curve under
light and dark conditions after being exposed to one sun
illumination. The differences between J−V curves, which
mostly appears near open-circuit conditions, can be described
using the modified hysteresis index (HI) eq 5, as given below49

(5)

where Jreverse(0.8 Voc) and Jforward(0.8Voc) are the photo current
density at 80% of Voc for reverse and forward scans,

respectively. Equation 5 was modified based on the HI from
Sanchez et al.,50 where regardless how the HI is defined, the
value still could differentiate the type of hysteresis.51,52 The
normal hysteresis is the condition when the forward scan data
is lower than the reverse scan data, where the vice versa, shows
the inverted hysteresis. The normal hysteresis shows positive
HI value and inverted hysteresis marked by negative HI value.
Table S3 shows the HI of the perovskite device for different
exposure times. The HI value is lower than 0.05, where the
fresh device shows values of 0.0165 and 0.0289 after 960 h.
This HI value indicates low normal hysteresis resulting from
appropriate perovskite composition achieving better charge
balance.

To verify the device stability, we test the lifetime of the
perovskite film by keeping it in the dark condition inside the
humidity-controlled dry cabinet at a temperature of 25 °C, and
the humidity level set to 30%. The change in absorption
coefficient, X-ray diffraction (XRD), and surface roughness
were monitored for several days. Figure S4a results show that
the absorption coefficient decreases over time while still
maintaining a high value over 10−4 even after 30 days of
storage. The decay observed in perovskite film is caused by
humidity. The absorption spectra indicate that the film remain
still in the perovskite phase even after 30 days of storage.
Figure S4b shows that the XRD pattern of the perovskite film
exhibits two strong peaks, which represent the (001) plane at
14.12° and the (002) plane at 28.39°, respectively. The XRD
pattern of the films did not change after 5 days, indicating that
the film crystallinity and perovskite phase composition

Figure 4. (a) The dark current stability of the perovskite device after continuous forward and reverse scans for 1000 times. (b) The light and dark
current density value at zero bias voltage after being exposed under one sun illumination for different exposure times. (c) Complex impedance plot
of the perovskite device under light conditions. (d) Capacitance−voltage (C−V) of the perovskite device under dark conditions.
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unchanged. Figure S4c−e show the surface morphology of
perovskite film acquired by AFM. The 2D AFM image is taken
over 5 μm × 5 μm size of the pristine perovskite film showing
an average roughness (Rrms) around 24.5 nm. This value is
similar to that (∼26.6 nm) of CsxFA1−xPbI3−xBrx(Cl)-based
perovskite films produced by other method.35 We also find that
the perovskite film evaporated using the thermal vacuum
deposition process is homogeneous, uniform, and pinhole-free.
The Rrms value of the pristine film decreases from 24.5 to 22.0
nm after 2 days and finally, to 19.9 nm after 30 days. Kato et al.
have reported the Rrms values of α-FAPbI3 and δ-FAPbI3 as
10.9 and 5.7 nm, respectively.70 Again, the decrease in Rrms
value is caused by humidity. As the crystal structure and
morphology affect the device performance, the small change in
morphology of our perovskite thin film could preserve the
crystal structure and slow down the degradation process in the
device. These outstanding performances are resulted from the
high stability and good uniformity of the film fabricated by
using a thermal vacuum deposition process. The slow
degradation process is achieved by introducing CsBr material
into FAPbI3.

71 We also investigated the stability of the dark
current after 1000 cycles of continuous forward and reverse
scans. The average data is plotted in Figure 4a. Note that the
normal hysteresis and the data are quite stable even after 1000
cycles of continuous forward and reverse scans. We believe that
this stability is achieved by having an appropriate perovskite
composition, carefully designing the device structure, and good
cell encapsulation, as well as having uniformity of perovskite
film. All of these benefits are accomplished using thermal
vacuum deposition process. The change in current density in
dark and under one sun illumination for different exposure
times is plotted in Figure 4b. We observe that the Jsc and Jdark
are quite stable even at the increased exposure time.
Impedance spectroscopy is, in general, applied to understand
the degradation mechanism as well as charge dynamics and
charge accumulation.72−76 This measurement is employed in
this study to explain the lifetime issue of the perovskite device
before and after continuous exposure of one sun illumination
with different exposure times. The complex impedance plot
under light illumination is shown in Figure 4c. Two parameters
could be identified from the complex impedance such as the
high-frequency region (>1 kHz), and low-frequency region (<1
Hz). Here, the complex impedance is measured by sweeping
the frequency from 1 Hz to 1 MHz. The semicircle from
complex impedance data at high frequency is related to the
charge transport and dielectric response.74 Note that the
change in capacitance at the high-frequency region is related to
geometric capacitance (Cgeo). The data appear as semicircles
with a decrease in diameter as the exposure time increases. The
decrease in diameter becomes negligible below 1 Ω, suggesting
a stable device. The small decrease in diameter indicates a
slight change in the dielectric response of the perovskite layer
over time. A C−V measurement is carried out for analyzing the
charge dynamics and charge accumulation as the charge
accumulation is a critical factor affecting the hysteresis. The
C−V measurement for the perovskite device under dark
conditions is shown in Figure 4d. Two distinct regions could
be observed in the plot, which are the plateau region
(corresponding to Cgeo) and the C−V peak region (corre-
sponding to charge accumulation). The plateau region could
be related to the dielectric response of the perovskite layer,
where at the C−V peak region, the increase of the capacitance
value resulted from charge accumulation at the perovskite

interface. The high charge accumulation could be an indication
of charge imbalance between electron and hole. The data
shows that the perovskite device accumulates less charge. As
the degradation starts, the capacitance decreases, indicating the
reduction in charge accumulation and faster charge recombi-
nation. We suggest that the property of the material in the
device changes during the degradation process. The increase in
Cgeo may be attributed to the increase in leakage charge. At the
end of discussion, we compare the device performance
covering active-wavelength, on/off ratio, responsivity, detec-
tivity, LDR, −3 dB, response time, and stability of
formamidinium (FA) based perovskite photodetector ever
published in Table 1. The most common fabrication method
used is the solution process. Therefore, an FA-based perovskite
photodetector fabricated specifically by thermal vapor
deposition is hard to find. Our device performance also
shows a high on/off ratio and fast response at nanosecond. The
responsivity and detectivity are comparable with other FA-
based perovskite photodetector with different fabrication
methods. Furthermore, we demonstrate good stability of the
perovskite film as well as photodetector. We examine the
stability of our perovskite device by exposing it under one sun
LED solar simulator at room temperature, where the stability
has mostly been studied (by other groups) by storing the
device under ambient or dark conditions. This exceptional
stability shows the potential of device fabrication using thermal
vacuum deposition.

3. CONCLUSION
We have optimized a perovskite photodetector using a
codeposition process for CsBr, FAI, and PbI2 materials under
a fully thermal vacuum condition. The device shows a lower
Jdark of 8.627 × 10−10 A cm−2 at zero bias voltage and the
response time similar to that of a commercial Si−Pd based
photodetector. Materials characterizations reveal stable, uni-
form, and pinhole-free perovskite film fabricated by using
thermal vacuum deposition, slowing down the degradation
process. The perovskite device maintains 95% of the initial
performance after being exposed under one sun illumination
for a 960 h lifetime. Finally, impedance spectroscopy is
employed to analyze the charge dynamics of the photodetector
under different exposure times, which helps us to understand
the degradation mechanism in detail.

4. EXPERIMENTAL SECTION
In this study, the perovskite device was fabricated using a commercial
indium-tin-oxide (ITO) coated glass substrate (15 Ω/sq) purchased
from Luminescence Technology while the perovskite film was
deposited onto the glass substrates and the silicon substrate. All the
substrates were cleaned using dish soap and afterward sequentially
soaked in the deionized (DI) water, acetone, and isopropyl alcohol
(IPA) in a sonication bath within 10 min, and then dried using a
nitrogen gas blower. For the materials, N4,N4,N4″,N4″-tetra([1,1′-
biphenyl]-4-yl)-[1,1′:4′,1″-terphenyl]-4,4″-diamine (TaTm, > 99%)
was purchased from Shine Material Technology and 3′,3′″,3′″″-
(1,3,5-triazine-2,4,6-triyl)tris(([1,1′-biphenyl]-3-carbonitrile)) (CN-
T2T, > 99%) was purchased from Unichem Technology. The
buckminsterfullerene (C60, > 99.9%) was purchased from Lumines-
cence Technology and formamidinium iodide (FAI, > 99.99%) was
purchased from Greatcell Solar Material. The molybdenum trioxide
(MoO3, > 99.9995%) and cesium bromide (CsBr, > 99.999%) were
purchased from Alfa Aesar, and lead(II) iodide (PbI2, > 99.999%) was
purchased from Sigma-Aldrich. All the materials were used directly
after purchased without further purification process. The perovskite
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device and film were fabricated using a thermal evaporation system
under a vacuum level of ∼2 × 10−6 Torr and the deposition rate was
controlled at around 0.5−1 Å s−1 (except for silver, the deposition rate
using 3 Å s−1). In the fabrication of the perovskite active layer, the
deposition rate of CsBr, FAI, and PbI2 was deposited with rates of 0.6,
0.9, and 0.6, where the temperature of FAI was controlled around
190−195 °C. The thickness of all material was monitored using
quartz crystal microbalance (QCM). Only for the perovskite active
layer (CsBr:FAI:PbI2 layer) deposition process, the substrate
temperature was cooled down to 8 °C. After deposition of the
perovskite active layer, both device and thin film were annealed at 135
°C for 30 min using a hot plate (YOTEC YS-200s). Finally, the
perovskite device was encapsulated inside the nitrogen-filled glovebox
under the oxygen (O2) and moisture (H2O) levels of <0.1 ppm using
encapsulation glass cover to adhere a thin layer of UV-epoxy resin
adhesive (Everwide EXC345). The encapsulated device was exposed
to the UV curing lamp for 90 s to ensure the resin is cured. The UV
curing lamp system (Heraeus Noblelight F300S) is connected to a
power supply (Heraeus P300MT).

The electron energy spectrum of the perovskite film can be
measured using ultraviolet photoelectron spectroscopy (UPS). The
chemical composition of the perovskite film was obtained using X-ray
photoelectron spectroscopy (XPS) and the data were processed using
XPSPEAK software. The absorption coefficient spectra of the
CsFAPbIBr perovskite film was obtained using a UV−vis spectropho-
tometer (JASCO V-770) and their thickness was measured using a
surface profiler (Bruker Dektak XT). The X-ray diffraction (XRD)
pattern was measured using XRD system (Bruker D2 PHASER XE-T
edition). The perovskite film roughness was measured using atomic
force microscopy (AFM) measurement (Bruker Innova AFM). All the
perovskite film measurements mentioned above was carried out on a
glass substrate except for the GIWAXS measurement (on a silicon
wafer substrate). We conducted GISAXS and GIWAXS measure-
ments simultaneously at the 23A beamline station of the National
Synchrotron Radiation Research Center (NSRRC) in Taiwan. The
incident monochromatic X-ray beam has a photon energy of 10 keV
(wavelength of 1.2398 Å), and the incident angle to each film was
aligned precisely to 0.2°. A flat-panel detector (pixel number of
C10158DK is 2352) was used to collect the wide-angle scattering
signals with a sample-to-detector distance of 19.5 cm, and the
collection time for each measurement was 10 s. The reduced 1D
GIWAXS profiles were obtained by radially cutting along the out-of-
plane direction (defined as the Qz direction) normal to the film
surface and the in-plane direction (defined as Qx direction) parallel to
the film surface by using FIT2D program. The out-of-plane and in-
plane 1D GIWAXS profiles (for the edge-on and face-on crystallites)
were reduced, respectively, by taking radially sliced cake cuts
(integration along the azimuthally polar angle (χ): 90−135°, polar
angle (χ): 160−180°, assuming 1/2 circular symmetry) from the 2D
GIWAXS pattern to include the diffraction spots from perovskite
crystallites with different orientations. In the lifetime testing, the
perovskite film was kept in the humidity-controlled dry cabinet
(Eureka Drybox) at a temperature of 25 °C and a humidity level of
30%.

The perovskite device performance such as current density−voltage
(J−V) characteristic under light conditions was measured using one
sun solar simulator (Newport 91160A) with an intensity of 100 mW
cm−2 connected with a source meter (Keithley 2636A). For the dark
condition, the J−V characteristic of the perovskite photodetector
device was measured only using a source meter. The external
quantum efficiency (EQE) spectrum, integral current density, and
responsivity device were measured using a quantum efficiency (QE)
measurement system (Enlitech QE-R) recorded in AC mode. The
machine calibration was done beforehand using a silicon photo-
detector (Hamamatsu S1337). The noise current value was acquired
using noise current frequency spectrum software developed by
Enlitech (Enlitech PD-QE), which is connected to a source meter
(Keithley 2636A). The linear dynamic range (LDR) measurement
was performed utilizing a green light emitting diode (LED) (Thorlabs
M530L3) at a wavelength of 530 nm as a light source, where a filter

wheel (Thorlabs FW102CNEB) was used to control the light source
intensity. The response at −3 dB, pulse response, and response time
were measured using green LED illumination (Thorlabs LED525L) at
wavelength 525 nm as the light source. The light source was
connected to a function generator (Tektronix AFG3102C) to
generate a square pulse where the LED power was set to 1 mW
cm−2. The perovskite device response output was amplified using a
preamplifier (Signal Recovery Model 5182) multiplied by an A/V
amplification factor of 10−6 then recorded using an oscilloscope
(Teledyne Lecroy WaveRunner625Zi). The silicon photodetector
(Newport 818-SL) was used as a baseline and comparison data for the
perovskite device. The impedance and capacitance−voltage (C−V)
characteristics of the perovskite device were measured using
electrochemical impedance spectroscopy (Solartron Material Lab
XM). The input AC signal oscillator was set to 50 mV and the given
frequency sweep was tuned from 1 Hz to 1 MHz. The C−V plot was
obtained using a frequency of 1 kHz at a given voltage sweep from
−2.5 to 2.5 V. For the lifetime testing, the perovskite device was kept
exposed under one sun LED solar simulator (Newport LSH-7320).
All the measurements above were done under room temperature
conditions.
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