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Ultra-Stable and Sensitive Ultraviolet Photodetectors Based 
on Monocrystalline Perovskite Thin Films
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The detection of ultraviolet (UV) radiation with effective performance and 
robust stability is essential to practical applications. Metal halide single-
crystal perovskites (ABX3) are promising next-generation materials for UV 
detection. The device performance of all-inorganic CsPbCl3 photodetectors 
(PDs) is still limited by inner imperfection of crystals grown in solution. 
Here wafer-scale single-crystal CsPbCl3 thin films are successfully grown 
by vapor-phase epitaxy method, and the as-constructed PDs under UV light 
illumination exhibit an ultralow dark current of 7.18 pA, ultrahigh ON/OFF 
ratio of ≈5.22 × 105, competitive responsivity of 32.8 A W−1, external quantum 
efficiency of 10867% and specific detectivity of 4.22 × 1012 Jones. More impor-
tantly, they feature superb long-term stability toward moisture and oxygen 
within twenty-one months, good temperature tolerances at low and high 
temperatures. The ability of the photodetector arrays for excellent UV light 
imaging is further demonstrated.
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imaging for the diagnosis of high-ten-
sion transmission line, flame detection, 
ozone monitoring, astronomical obser-
vation, and short-wave communica-
tion,[1–5] which raises high requirement 
on the related performances of UV-PDs, 
such as the large responsivity, high 
signal-to-noise ratio, fast response rate, 
high detectivity or sensitivity. However, 
though critical advances on mainstream 
UV-PDs have been achieved based on 
wide-bandgap inorganic semiconduc-
tors, including zinc oxide, gallium oxide, 
gallium nitride, MgxZn1–xO, III-V com-
pounds, which obtained superior perfor-
mance to the silicon-based UV-PDs,[6–10] 
the practical applications of PDs based 
on wide bandgap semiconductors have 
been severely limited by insufficient 
material performance, high-cost of man-

ufacturing, composition fluctuation, and phase separation 
during fabrication process, complicated device configura-
tions, and relatively high operating voltage.[11]

3D metal halide perovskites with an ABX3 stoichiometry 
have shown great success in various optoelectronics, including 
solar cells, light-emitting diodes (LEDs), and radiation detec-
tors.[12–15] For UV detection, 3D all-inorganic metal halide 
perovskites with attractive properties (e.g., large light absorp-
tion coefficient, high carrier mobility, long carrier lifetime, low 
manufacturing cost, and high stability) have been considered as 
promising candidates for UV-PDs that to meet the aforemen-
tioned requirements.[16–20] Among them, all-inorganic CsPbCl3 
with extraordinary ambient stability and temperature tolerance 
is especially appropriate for UV-PDs considering the matched 
wide bandgap (≈2.9  eV) that is selectively sensitive to UV sig-
nals.[11,21–25] To further increase the performance of UV-PDs, 
single-crystal (SC) perovskites with fewer grain boundaries and 
lower trap densities, which possess superior properties, such 
as higher carrier mobility and longer carrier lifetime than the 
polycrystalline (PC) counterparts,[26–28] have drawn extensive 
research interests.[14,15,29–33] Generally, SC perovskite materials 
could be fabricated either by solution methods[14,29,30,34–36] or 
vapor-phase epitaxy (VPE) methods.[37–39] However, due to 
the poor solubility of the CsCl precursor in organic solvents, 
most solution-processed CsPbCl3 grains are crystallized with 
small sizes (usually micro- or nanometers) and inevitably bring 
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1. Introduction

The development of ultraviolet (UV) detection has been 
falling behind the visible and infrared light detection due 
to the limitation of UV photodetector (PD). While the UV 
detection is of indispensable importance in variety of fields, 
including scientific research and practical applications, such 
as spectroscopy analysis for biochemical detection, corona 
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about rough surficial morphologies of resultant PC films with 
numerous grain boundaries and a high density of defects,[40–44] 
not only weakening the performance of as-constructed PDs but 
also limiting the application of large-scale UV image sensing. 
Besides, the thicknesses of the bulk single crystals grown by 
solution methods are usually uncontrollable, especially it’s 
difficult to prepare quasi-2D morphology to make use of the 
well-developed integration technique,[45–47] which curbs the 
demands for fabrications of thin-film (TF) perovskites-based 
devices. VPE growth technique has greater superiorities in 
morphology and grain size control and enables the monolithic 
integration.[48–50] In 2017, Shi's group achieved centimeter-
scale and grain boundary-free CsSnBr3 and CsPbBr3 SCTFs on 
alkali halide for the first time,[37] whereafter, Jin's group pro-
duced CsPbBr3 large-area (10 mm ×  5 mm) SCTFs on SrTiO3 
substrate, by employing VPE method.[38] Although, there are 
researchers who have used single-source vapor deposition 
(SSVD) method to deposit CsPbCl3 films, the crystallinity of 
them is not monocrystalline.[51,52] To date, to our knowledge, 
there have been rare reports about CsPbCl3 SCTFs, hence, it 
is crucial to extend the VPE method to grow large-scale high-
quality SCTFs of CsPbCl3 for efficient and stable UV-PDs.

In this work, we have successfully grown wafer-scale phase-
pure CsPbCl3 SCTFs with excellent crystallinity and superior 
optoelectronic properties on muscovite via VPE. Meanwhile, 
we have fabricated lateral photoconductor-type PDs on as-
grown CsPbCl3 SCTFs by transferring Au electrodes without 
any charge separation layer or surface passivation layer. It is 
found that the present PDs under 375  nm laser illumination 
exhibit extraordinary device performance including an ultralow 
dark current of 7.18 pA, ultrahigh ON/OFF ratio of ≈5.22 × 105 
at 27.9  W  cm−2 light illumination, competitive respon-
sivity, external quantum efficiency, and specific detectivity 
of 32.8  A  W−1, 10867% and 4.22  ×  1012 Jones at 4.4  µW  cm−2 
light illumination, respectively. More importantly, our UV-PDs 
exhibit overwhelming superiority in air ambiance stability at 
room temperature within twenty-one months, good high and 
low-temperature resistances and remarkable recoverability 
after the first consecutive fast rising–falling–rising temperature 
operation test.[25,53] Furthermore, a CsPbCl3 SCTF-based PD 
array for UV light image sensing is built and the photocurrent 
can maintain the initial value after three months.

2. Results and Discussion

2.1. Vapor Phase Deposition of CsPbCl3 Thin Film

The CsPbCl3 thin film has been deposited on the freshly exfo-
liated (001) surface of muscovite in a home-built chemical 
vapor deposition (CVD) system (the precursor was prepared 
by mixing CsCl and PbCl2 with a molar ratio of 1:1, see 
Experimental Section and Figures S1–S5, Supporting Informa-
tion for more details). The as-grown film under UV light dis-
plays a blue light emission over the entire substrate, while the 
spin-coated CsPbCl3 TF does not show obvious blue emission 
under the same condition (Figure  1a). The blue light emis-
sion gives a direct visual indication of the high optical quality 
of the VPE-grown TF. Optical microscopy image shows a flat 

and smooth surface without any grain boundaries or cracks 
(Figure  1b), which is further confirmed by scanning electron 
microscopy (SEM) image (Figure  1c), manifesting the high 
crystal quality of the CsPbCl3 TF. 2D atom force microscopy 
(AFM) image shows that the as-grown CsPbCl3 TF obtains a 
highly smooth surface with a root mean square roughness of 
≈1.43  nm (Figure  1d), and no pinholes are observed. In the 
X-ray diffraction (XRD) spectra, the peaks from (00l) planes of 
monoclinic muscovite have been marked with “*”, the other 
peaks are all assigned to the (h00) planes of the tetragonal 
phase CsPbCl3 (JCPDS No. 18–0366; Figure  1e), suggesting 
a high out-of-plane orientation with the epitaxial relationship 
of CsPbCl3 (100)∥muscovite (001). The photoluminescence 
(PL) spectra collected from five random locations of the same 
TF, all five spectra, centered at about 414  nm which is con-
sistent with the previously reported band-edge emission of 
CsPbCl3, show similar symmetric shape and almost the same 
high intensities (Figure  1f), demonstrating the uniformity of 
CsPbCl3 over the entire substrate. Energy dispersive X-ray 
spectroscopy (EDS) shows the atomic ratio of Cs, Pb, and Cl in 
the film is 20.0%:19.9%:60.2%, consistent to the stoichiometric 
ratio of 1:1:3 within the experimental error (Figure 1g), and the 
Cl composition highlights there are almost no existences of Cl 
vacancies (VCl) at the surface of the CsPbCl3 TF compared to 
the previous report.[54] The EDS elemental mapping further 
shows the homogeneous spatial distribution of all three ele-
ments (Figure 1g, inset). In order to probe the chemical com-
position and bond states of the three elements in the film, 
X-ray photoelectron spectroscopy (XPS) has been applied. The 
wide range XPS spectrum shows the signal peaks of Cs, Pb, 
and Cl were detected within a specific scan range (Figure S6,  
Supporting Information). The core-level XPS spectra of Cs, 
Pb, and Cl display that two peaks of Cs 3d3/2 and Cs 3d5/2 are 
located at 738.1 and 724.2 eV, respectively, two peaks of Pb 4f5/2 
and Pb 4f7/2 are centered at 143.0 and 138.1  eV, respectively, 
and two peaks of Cl 2p1/2 and Cl 2p3/2 are located at 199.3 and 
197.7 eV, respectively (Figure 1h). The energy deviation values of 
spin-orbit splitting in Cs 3d, Pb 4f, and Cl 2p are 13.9, 4.9, and 
1.6 eV consistent with reported values[55] and consistent to the 
ideal chemical bond configuration of CsPbCl3. Furthermore, 
we postulated the crystal structure of the tetragonal perovskite 
CsPbCl3 in Figure  1i, the corner-sharing PbCl64− octahedrons 
stacked together with Cs+ cations occupying the interstitial site 
to stabilize the framework.

We conducted X-ray pole figure to verify the single-crystal-
line feature of CsPbCl3 TF with centimeter scale on muscovite 
which has been shown in Figure 1a. The resulting pole figure 
measured at a fixed 2θ = 22.43° indexed to CsPbCl3 (101) shows 
four symmetrical poles separated azimuthally by Φ = 90° at a 
tilt angle of ψ = 30° corresponding to the four equivalent {101} 
family planes (Figure  2a), confirming the single-crystalline 
nature of the as-grown CsPbCl3 TF with ordered in-plane ori-
entation. The rocking curves for the (100) and (200) diffrac-
tion peaks have full width at half maximum (FWHM) of 0.18° 
and 0.15°, respectively (Figure  2b,c), consistent to the values 
of perovskite SCTF,[38] supporting the single crystallinity of 
CsPbCl3 TF has uniform out-of-plane orientation (Figure  1e). 
To estimate the thickness of the film, we cleaved the SiO2/Si  
substrate with CsPbCl3 film transferred on it to expose the 
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cross-section of the film. SEM image shows the thickness 
of CsPbCl3 TF is about 1.86  µm, and there are not any grain 
boundaries and pinholes in large scale (Figure  2d and inset), 
indicating the high-quality of yielded CsPbCl3 TF.

We used electron back-scattered diffraction (EBSD) to fur-
ther confirm the large-area continuity and homogeneity of 
the obtained CsPbCl3 TF. The EBSD phase distribution map 
shows the uniform color (Figure 2e), proving the pure phase 

nature of the tetragonal CsPbCl3 TF. The EBSD orientation 
maps along the x, y, and z axis present a single and contin-
uous color, respectively (Figure  2f–h), confirming the single 
crystallographic orientation of CsPbCl3 TF along the (100) 
direction. This uniform crystal orientation across the as-grown 
CsPbCl3 TF on the centimeter scale is highly desirable for effi-
cient charge transport in the perovskite-based optoelectronic 
devices.

Adv. Funct. Mater. 2023, 33, 2213360

Figure 1.  Structural characterizations of CsPbCl3 TF grown on muscovite substrate. a) Photograph of the CsPbCl3 TF (left) and spin-coated thin film 
(right) under UV light irradiation. Some non-uniformity located in edges seen in the photograph is attributed to accidental scratches when clamped with 
tweezers, rather than the intrinsic optical quality of the TF. b) Optical microscopy image of the CsPbCl3 TF. c) Top-view SEM image of the CsPbCl3 TF. 
d) AFM image of the surface topography of the CsPbCl3 TF. e) XRD pattern of the CsPbCl3 TF grown on muscovite substrate shows only (h00) planes. 
Peaks from (00l) planes of muscovite are marked with “*”. f) Five PL spectra randomly collected from different positions on one CsPbCl3 TF. g) EDS 
analyses of the TF show the atomic ratios of Cs:Pb:Cl of 20.0%:19.9%:60.2%. The inset is the EDS elemental mapping, showing uniform dispersion of 
three compositional elements. h) XPS spectra corresponding to Cs 3d (top pane), Pb 4f (middle pane), and Cl 2p (bottom pane) of the CsPbCl3 TF. i) 
Structural illustration of the tetragonal perovskite CsPbCl3.
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2.2. Optical and Transport Properties of CsPbCl3 SCTF

To evaluate the potential of our CsPbCl3 SCTF for optoelec-
trical applications, we proceeded with the characterization 
of the absorption spectrum which shows a sharp absorption 
edge at ≈438 nm, and the PL peak is located at ≈414 nm with 
a FWHM of ≈9.6 nm, which matches well with the absorption 

edge (Figure  3a; Figure S7, Supporting Information for more 
details). The Tauc plot calculated from the absorption spectrum 
displays an optical bandgap of 2.87  eV (Figure  3a, inset), in 
good agreement with the previous report.[24] The work function 
(ϕ) of CsPbCl3 SCTF was determined to be 5.84 eV with ultra-
violet photoelectron spectroscopy (UPS, Figure 3b). The energy 
difference between the valence band maximum (EVBM) and 

Adv. Funct. Mater. 2023, 33, 2213360

Figure 2.  Crystalline characterizations of CsPbCl3 TF. a) The (101) pole figure of the centimeter-scaled CsPbCl3 TF showing four poles with equal 
intervals corresponding to symmetrical planes of the {101} family. b,c) XRD rocking curves of the CsPbCl3 diffraction peaks at (100) and (200). d) Low 
magnification cross-section SEM image of the CsPbCl3 TF transferred onto SiO2/Si substrate. Inset is partial higher magnification cross-section SEM 
image of d). e) The phase distribution map of the CsPbCl3 TF obtained from large-scale EBSD mapping. f–h) Inverse pole figures along the x-axis 
(IPF-X, f), y-axis (IPF-Y, g), and z-axis (IPF-Z, h) at the same region as that of phase map. Inset at the top right shows the color code map for IPF. Some 
unresolved phase counts ascribed to the dust adsorbing on the surface of TF are shown as a few of black dots, and some representatives of them are 
circled with dashed rings seen in (e–h).
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Fermi energy level (EF) is ≈1.58 eV read from the low-binding-
energy region, with the corresponding VBM position being 
−7.42  eV. In combination with the bandgap (2.87  eV), the cal-
culated conduction band minimum (ECBM) of CsPbCl3 SCTF is 
−4.55 eV. With the corresponding values above, the energy-level 
diagram of CsPbCl3 SCTF is depicted in Figure 3c. We further 
estimated the trap density (ntrap) of the CsPbCl3 SCTF using the 
space-charge-limited-current (SCLC) method,[56,57] and a lateral 
gold (Au)/CsPbCl3 SCTF/Au device with channel length and 
width of 30 and 6  µm, respectively, was fabricated by van der 
Waals (vdW) integration (Figure  3d, inset; see  Experimental 
Section for more details).[58] Three regions are identified in the 
logarithmic dark current–voltage (I–V) trace: the ohmic region 
(orange) at low voltages, the trap-filled limit (TFL) region (blue) 
at intermediate voltages, where all the available trap states are 
expected to be filled with the injected carriers, and the trap-free 
Child's regime (green) under high electric field (Figure 3d). The 
applied voltage at the kink point between the ohmic and TFL 
region is called TFL voltage (VTFL) which is related to the ntrap:[59]

V
en d

2
TFL

trap
2

0εε
= 	 (1)

where e is the elementary charge, d is the device channel width, 
ε is the relative dielectric constant of the CsPbCl3 SCTF, and 

ε0 is the vacuum permittivity. In our device configuration, 
d = 6 µm, ε = 4.07 for CsPbCl3,[60] and VTFL = 0.18 V determined 
from Figure 3d. The calculated ntrap is 2.25 × 1012 cm−3, which is 
comparable to that of the CsPbCl3 single crystals reported and 
several orders of magnitude lower than that of perovskite poly-
crystalline film.[26,28,54,61–64]

With all the above superior properties including high 
uniformity and low trap density, we are inspired to develop 
the high-quality CsPbCl3 SCTF into optoelectronic devices. 
Herein, lateral type PDs are designed and fabricated with pho-
toconductor structure, i.e., a pair of Au electrodes are directly 
transferred onto the CsPbCl3 SCTF and the effective illumina-
tion area (S) is 1.8 ×  10−6  cm2 (Figure S8a, Supporting Infor-
mation; see  Experimental Section for more details), which 
stay the same structure and channel size taken for SCLC 
method. Based on the energy-level diagram of the CsPbCl3 
SCTF, the energy-band alignment of the Au/CsPbCl3 SCTF/
Au configuration has been pictured for understanding the 
working mechanism of the device (Figure S8b, Supporting 
Information). Owing to the photoelectric effect, electron-hole 
pairs generated in CsPbCl3 photoactive layer when the PD is 
irradiated via photons with energy larger than the bandgap 
of CsPbCl3 (2.87  eV) will be separated and collected via the 
two electrodes under the external electric field, forming 
photocurrents.[65]

Adv. Funct. Mater. 2023, 33, 2213360

Figure 3.  Optical and transport properties of CsPbCl3 SCTF. a) UV–vis absorption spectrum of CsPbCl3 powder and PL spectrum of CsPbCl3 SCTF. The 
inset is calculation of the optical bandgap using the Tauc method assuming a direct bandgap. b) UPS spectrum of the CsPbCl3 SCTF. c) Energy-level 
diagram of the CsPbCl3 SCTF calculated from the Tauc plot and UPS result versus the vacuum level defined as 0 eV. d) Logarithmic I–V characteristic 
of the Au/CsPbCl3 SCTF/Au device under dark condition showing three different regimes. The inset is the optical microscopy image of the device with 
lateral architecture. Scale bar: 50 µm.
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2.3. Device Performance of CsPbCl3 SCTF-Based PD

Figure  4a shows the Ids–Vds curves of CsPbCl3 SCTF-based 
PD in the dark and light. To fully explore the performance of 
the device, here, we employed a 375  nm laser and performed 
a wide range of incident light power density (Plight) variations 
(from 4.4 µW cm−2 to 27.9 W cm−2). In dark, the dark current 
(Idark) was measured to be only 7.18 pA at Vds = 0.5 V which is 
among the top-ranking Idark recorded from the reports (Table S1,  
Supporting Information). It is worth noting that the Idark values 

of the device vary from 1.59 to 7.18  pA with the bias voltages 
ranging from 0.1 to 0.5  V, in which the device presents an 
ultralow current level with a small amplitude of variation. This 
property can endow our device with an ultrahigh light-current 
(Ilight)-to-dark-current value (ON/OFF ratio) at an ultralow bias 
of 0.5  V (Figure  4b). It is obvious that even at a small power 
density of 4.4 µW cm−2, the device still has an increased output 
current up to 268.4  pA, and the maximum Ilight value can 
achieve 3.75  µA when Plight is increased to 27.9  W  cm−2, con-
tributing to an ultrahigh ON/OFF ratio of ≈5.22 × 105. Such low 

Adv. Funct. Mater. 2023, 33, 2213360

Figure 4.  Performance of CsPbCl3 SCTF-based PD. a) Ids–Vds curves of the device measured in dark and light. Here, the applied laser is 375 nm with 
Plight ranging from 4.4 µW cm−2 to 27.9 W cm−2. b) ON/OFF ratio values extracted from Ids–Vds curves in a) under a fixed 0.5 V bias. c) Vds and Plight 
dependent responsivity extracted from Ids–Vds curves in a). d) Ids–t photoresponse curves of the device recorded at Vds = 0.5 V under 375 nm laser illu-
mination at different Plight. e) Long-time switching stability of the device measured at Vds = 0.5 V under 375 nm laser illumination at Plight = 1.58 W cm−2. 
f) The tested response speed of the device under 375 nm laser illumination. g) Frequency-dependent response of the device. The dashed line shows 
the representative −3 dB bandwidth (f-3 dB) of ≈1.5 KHz. h) Plot of Idark, Ilight, and ON/OFF ratio values collected about every three months in twenty-one 
months measured at Vds = 0.5 V under 375 nm laser illumination at Plight = 922.5 mW cm−2. i) Comparison of dark current density and ON/OFF ratio 
among reported ABX3-configurational perovskite material PDs. “w/o = without Cl” means the material not containing Cl element, “With Cl” means the 
material containing Cl element. References to the selected work can be found in Table S1 (Supporting Information).
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Idark, high Ilight, and high ON/OFF ratio demonstrate the effec-
tive response to the incident UV light achieved in our device, 
which is beneficial for increasing signal-to-noise ratio of PDs in 
practical applications for weak light detection.

Normally, three key figures-of-merit for PDs including 
responsivity (R), external quantum efficiency (EQE), and spe-
cific detectivity (D*) are estimated to quantitatively evaluate 
their photodetection abilities. R determines how effectively the 
PD responds to the optical signal,[66,67] which is defined by the 
equation:

R
I I

P S

I

P S
light dark

light

ph

light

=
−

= 	 (2)

where Iph denotes the photocurrent. According to the Ids–Vds 
curves, the responsivity is found to decrease as the Plight value 
increases, which is attributed to the increased recombination 
rate of photoexcited carriers under high light intensity. When 
Vds = 0.5 V and Plight = 4.4 µW cm−2, R reaches the maximum 
value of 32.8 A W−1 (Figure 4c), which is about 70 times higher 
than that of a solution-grown single CsPbCl3 microplatelet PD, 
and also higher than most of photoactive material UV-PDs 
reported (Table S2, Supporting Information). Meanwhile, EQE 
represents the photoelectron conversion efficiency defined as:[68]

EQE R
hc

eλ
= 	 (3)

where R represents the responsivity, h is the Planck constant, 
λ is the wavelength of incident light, and c is the velocity of 
light. Here, EQE is obtained as high as 10867% simultaneously 
(Figure S9, Supporting Information), which is of more com-
petitive strength compared to the reported photoactive mate-
rial UV-PDs (Table S2, Supporting Information). Figure  4d 
depicts the Ids–t photoresponse curves of the device recorded 
at Vds  = 0.5  V under 375  nm laser illumination with changed 
Plight. It is obvious that the device can be switched on and off 
repeatedly and stably at various Plight from weak to strong. 
Furthermore, long-term ON/OFF switching test of the device 
was performed at Vds = 0.5 V under 375 nm laser illumination 
(Figure  4e), the repeatable and prompt photocurrent response 
could be maintained in 900 cycles at Plight  = 1.58  W  cm−2, 
proving an outstanding cycling stability of the device. The 
response speed of PD is critical for catching rapid varying 
optical signal. As shown in Figure  4f, the rise time (τrise) and 
decay time (τdecay) were estimated to be 200 and 420 µs, respec-
tively, by a digital oscilloscope. Here, the τdecay shows a slower 
decay rate which could be attributed to the presence of surface 
states trapping photocarriers from immediate collection or 
recombination after switching off illumination.[69] Figure  4g 
depicts the plot of the frequency responses of the device, 
showing a -3  dB cutoff frequency up to ≈1.5  KHz. The fast 
photocurrent response of our device could be attributed to the 
very low trap density of the SCTF, which decreases the trapping 
effect on photogenerated carriers.

To evaluate the environmental stability of the device, we 
just kept the as-fabricated device without encapsulation in 
air at room temperature, and collected Ids–Vds curves meas-
ured in dark and under 375  nm laser illumination at Plight  = 

922.5  mW  cm−2 about every three months for twenty-one-
month time period (Figure S10, Supporting Information). 
The plot of Idark, Ilight, and ON/OFF ratio values measured at 
Vds  = 0.5  V extracted from Ids–Vds curves in Figure S10 (Sup-
porting Information) shows three traces with tiny fluctuations, 
respectively (Figure 4h), demonstrating the high stability of our 
devices toward moisture and oxygen. In addition, no crystal 
structure changes were detected in the XRD survey spectra 
after seventeen months of storage in the same ambient con-
ditions (Figure S11, Supporting Information). This merit is 
beneficial for practical applications of the CsPbCl3 UV-PDs. 
Figure 4i shows a comparison of dark current density and ON/
OFF ratio among other reported perovskite with an ABX3 stoi-
chiometry material PDs. Our CsPbCl3 SCTF-based PD (in red) 
exhibits an ultralow dark current density and an ultrahigh ON/
OFF ratio compared with that based on 3D perovskite materials 
in photoconductor mode.

Next, we evaluate the specific detectivity (D*), which charac-
terizes the capability of the device upon detecting weak optical 
signals.[66,70] The D* value can be estimated by the following 
relationship:

D
SB

NEP

1/2( )=∗ 	 (4)

NEP
i

R

n
2

1/2( )
= 	 (5)

where B denotes the bandwidth, NEP refers to the noise equiva-
lent power, and in( )2 1/2  represents the root-mean-square (RMS) 
value of the noise current. In detail, Figure 5a exhibits the dark 
noise spectral density measured at different Vds ranging from  
0.1 to 0.5  V. It should be noted that the densities undergo a 
minor change along with applied Vds, which matches well with 
the variation trend of Idark manifested in the Ids–Vds curves 
(Figure 4a). Here, the noise level per unit bandwidth (1 Hz) of 
the device is extracted to be 1.04 × 10−14 A Hz−1/2 at Vds = 0.5 V 
(Figure 5a). Using the maximum R value of 32.8 A W−1, the min-
imum NEP is obtained to be 3.18 × 10−16 W Hz−1/2 (Figure S12, 
Supporting Information), and D* reaches its maximum value 
of 4.22  ×  1012  cm  Hz1/2  W−1 (Jones, Figure  5b), which is com-
parable to the reported best individual photoactive material 
UV-PDs (Table S2, Supporting Information). Comparing the per-
formance of photoactive material PDs reported in this work to 
the state-of-the-arts, the parameters of ON/OFF ratio (Table S1,  
Supporting Information) and R, EQE, D* (Table S2, Sup-
porting Information) evidently demonstrate the superior per-
formance achieved in our devices, which is attributed to the 
high crystal quality of CsPbCl3 SCTF, the strong light-matter 
interaction, and the enhancement of carrier transport between 
metal-semi contacts beneficial from vdW contact.[58,71] We also 
measured R and EQE values of this device under other lasers 
illumination with longer wavelengths, and R reach their values 
of 0.21 (referring to 375 nm laser), 9.39 ×  10−4, 6.46 × 10−4, and 
4.3 × 10−5 A W−1, and EQE values are obtained to be 70% (refer-
ring to 375 nm laser), 0.26%, 0.15% and 0.0081% at Vds = 0.5 V 
and Plight = 100 mW cm−2 under 450, 532, and 660 nm lasers illu-
mination, respectively (Figure S13, Supporting Information). It is 

Adv. Funct. Mater. 2023, 33, 2213360

 16163028, 2023, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202213360 by Peking U
niversity H

ealth, W
iley O

nline L
ibrary on [16/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2213360  (8 of 12) © 2023 Wiley-VCH GmbH

obvious that both R and EQE values decrease with incident laser 
wavelength increasing (extending to the range of visible light) 
and suffer severe declines, where, for example, R and EQE values 
decrease by a factor of 223 and 269 times, respectively, when λ 
increases from 375 to 450  nm. These decreases are consistent 
with the optical bandgap of CsPbCl3. According to our absorp-
tion test (Figure 3a and inset), the optical bandgap of CsPbCl3 is 
2.87 eV, i.e., 433 nm, and the lights with wavelengths longer than 
433 nm are not going to be absorbed, so, photogenerated carriers 
are not going to be generated in CsPbCl3 photoactive layer when 
this device is irradiated by these lights. Therefore, our device has 
the advantage in UV light selective response.

It is well-known that the long-term operation stability shown 
in harsh environment is a challenge for perovskite-based opto-
electronic devices, considering the demand for operation with 
inconsistent conditions in actual application. To further prove 
the as-proposed stability of our device, the aging test was per-
formed at a changed temperature in the order from 293 to 
343 K and then to 203 K, and the normalized Ids versus running 
time at Vds  = 0.5  V and Plight  = 21.4  mW  cm−2 under 375  nm 
laser continuing illumination is shown in Figure  5c. It is 
obvious that Ids of our PD exhibits a stable behavior after opera-
tion continuously for 2.5 h without any loss with respect to the 
original Ids at 293 K, confirming the device possesses an excel-
lent operation stability at room temperature. For assessing the 
temperature tolerance of our device, we next elevated the tem-

perature to 343  K, and Ids drops rapidly and eventually main-
tains at a steady level of ≈65%. This phenomenon of the reduc-
tion of Ids could be attributed to the phase transition occurring 
on the CsPbCl3 SCTF at high temperature, which leads to the 
elevation of the Schottky barrier and consequently decreases 
the carrier transport efficiency. Intriguingly, when the working 
temperature fell to 203 K, Ids just suffers a degraded decrease 
to ≈89% of the initial value after continuous working for 2.5 h. 
This less decline in Ids could be attributed to the enhanced 
effect of Schottky barrier on the device at low temperature com-
pared to that at room temperature during working hours. We 
also tested the temporal photoresponse curves of the device in 
the process of one-time fast heating, cooling, and heating under 
the same conditions. As shown in Figure 5d, Ids value at 203 K 
is bigger than that at 343  K, demonstrating better operation 
stability at low temperature than that at high temperature, and 
our PD could also achieve fast photoresponse at varied tem-
peratures. An additional and very important observation is that 
after heated up to 293 K, Ids could recover to 92% of the original 
level, which indicates a recoverable behavior of Ids of our device 
after undergoing a fast process of rising–falling–rising temper-
ature. The above tests prove the stable and recoverable perfor-
mance of as-fabricated CsPbCl3 SCTF-based PD even operated 
at high and low temperatures and also demonstrate the suit-
able compatibility of our device for practical applications under 
changed harsh conditions.

Adv. Funct. Mater. 2023, 33, 2213360

Figure 5.  Performance of CsPbCl3 SCTF-based PD. a) Dark noise spectral density measured at different Vds. b) The extracted D* at Vds = 0.5 V. c) Nor-
malized Ids of the CsPbCl3 SCTF-based PD versus running time at changed temperature in the order from 293 to 343 K and then to 203 K. d) Temporal 
photoresponse curves of the device at 293, 343, 203 K and after heated up to 293 K. All of the temperature-changing processes were manipulated in 
about 20 min.
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2.4. Image Sensor Based on the CsPbCl3 SCTF

To demonstrate large-area integration, PD arrays for real-time 
UV light trajectories and multipoint light distribution is con-
structed (Figure 6a). As shown in Figure 6b, the pixels generate 
the photocurrent for the letter pattern area under UV light illu-
mination while the other pixels produce the dark current for 
the region blocked by the designed mask. According to the 
mapping result, a clear “H” letter can be identified (Figure 6c), 
which demonstrates the ability to realize imaging function 
of fabricated PD arrays. Here, the long-term stability of the 
PD arrays is also evaluated upon ambient exposure for three 
months. As shown in Figure 6d, the resulting photocurrent is 
obtained without any loss, furtherly manifesting the excellent 
long-term stability of our CsPbCl3 SCTF-based PD.

Here, we give some explanations for the superb stability: its 
intrinsic better environmental and high-temperature stability 
compared with organic-inorganic hybrid one due to its all-inor-
ganic composition without any organic cations; its desirable 
tolerance factor of 0.87 closer to 1 compared to that of CsPbBr3 
(0.81) and CsPbI3 (0.80);[72–74] no VCl sites on the surface of it, 
which can suppress ion migration and subsequently improve 
electronic stability of it;[75–78] no chemical bonding between 
the capping ligands and the inorganic surface due to the 
solvent-free growth surroundings, leading to reduced dynamic 
chemical instability compared with solution-processed one;[79–81]  
and the single-crystalline nature acquired by VPE method 
granting immunization from grain boundaries and defects, 
which are the origins of degradation of perovskites.

3. Conclusion

In summary, we have demonstrated that wafer-scale phase-
pure CsPbCl3 single-crystal thin films can be grown on mus-
covite (001) substrates by employing vapor-phase epitaxy 
method for the first time. The resulting CsPbCl3 SCTFs 
exhibit excellent crystal quality and superior optoelectrical 
properties, such as low trap density, comparable to those of 
CsPbCl3 bulk crystals. We further fabricated UV photode-
tectors based on the high-quality monocrystalline thin film. 
An ultralow dark current of 7.18 pA has been obtained in the 
UV-PDs, and the high photoresponse enabled competitive 
responsivity of 32.8  A W−1 and external quantum effi-
ciency of 10867%, which resulted in excellent ON/OFF ratio 
of ≈5.22  ×  105, and specific detectivity of 4.22  ×  1012 Jones. 
More importantly, our devices show overwhelming superi-
ority in long-term stabilities including the stability toward 
moisture and oxygen within twenty-one months. There is 
no current decay after continuous operation for 2.5  h at 
Plight = 21.4 mW cm−2 at room temperature, and remarkable 
recoverability has been achieved with ≈92% of the initial cur-
rent after a consecutive fast rising-falling-rising temperature 
operation test. In order to demonstrate the ability to realize 
practical application, we fabricated the CsPbCl3 SCTF-
based PD arrays in large scale, exhibiting excellent UV light 
imaging and high stability within three months. The unique 
optoelectrical properties and extraordinary stabilities make 
the as-obtained CsPbCl3 SCTF may become a promising can-
didate for UV detection and imaging.

Figure 6.  Image sensor based on the CsPbCl3 SCTF. a) Photograph of electrode arrays on the CsPbCl3 SCTF. Inset shows the partial corresponding 
optical microscopy image. b) Schematic illustration of a CsPbCl3 SCTF-based PD array for UV light image sensing. c) Photocurrent mapping of the PD 
arrays with the H-shaped mask. d) Photocurrent mapping of the PD arrays with the H-shaped mask after three months of ambient exposure.
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4. Experimental Section
Materials Growth: In this work, CsCl and PbCl2 powders were mixed 

well with a molar ratio of 1:1 followed by solid-state reaction. Then, the 
mixture was heated to 400  °C and the temperature was maintained 
for 12  h to ensure a complete reaction to obtain CsPbCl3 powder. 
Subsequently, the CsPbCl3 powder source was placed at the center 
of the home-built CVD system, and the freshly exfoliated muscovite 
was placed at the downstream. The system was pumped down to base 
pressure and flushed with argon gas three times before, then, the 
pressure was stabilized at 50 mbar with Ar flow at a rate of 100 sccm 
as the carrier gas. The heating temperature was kept at 650  °C for 
30 min for the completion of CsPbCl3 film epitaxy with a thickness of 
1.86 µm.

Materials Characterization: The optical images were taken with an 
optical microscope (Olympus DP27), the SEM morphology images, 
EDS and EBSD measurements were taken with a scanning electron 
microscope (TESCAN MIRA4 LMH) equipped with energy dispersive 
X-ray spectrometer (One Max 50) and electron back-scattered diffraction 
detector (Oxford Instruments NordlysMax3), the AFM image was 
performed with an atomic force microscope (BRUCKER Bioscope 
system), the XRD pattern and pole figure were collected using an X-ray 
diffractometer (Rigaku SmartLab SE) with the Cu Kα radiation, the XRD 
rocking curves were measured using a diffractometer (Panalytical X'Pert3 
MRD) with Ge (220) hybrid monochromator incident beam optics, 
PL spectra were collected using a confocal microscope (Renishaw 
inVia Reflex) with a 355  nm laser as the excitation source, the XPS 
data was measured using a photoelectron spectrometer (Shimadzu 
AXIS SUPRA+), the absorption spectra were collected using a UV–vis–
NIR spectrophotometer (Shimadzu UV-3600Plus) equipped with an 
integrating sphere attachment and the UPS data was measured using a 
photoelectron spectrometer (Thermo Fisher Scientific ESCALAB 250Xi).

Device Fabrication: For the device for SCLC measurements, 
50  nm-thick Au metal electrodes were first deposited on a sacrificial 
SiO2/Si substrate through the standard photolithography or electron-
beam lithography followed high-vacuum (5  ×  10−4  Pa) thermal 
evaporation process. Then, the whole wafer with Au electrodes was 
immersed in a sealed hexamethyldisilazane (HMDS) chamber to 
functionalize the surface of SiO2 at 85 °C for 40 min. Next, polymethyl 
methacrylate (PMMA) was spin-coated on top of the Au electrodes to 
pick them up. Finally, the PMMA layer with 50  nm-thick Au electrodes 
within it was peeled off by polydimethylsiloxane (PDMS) stamp and 
laminated to the CsPbCl3 thin film via the transfer platform under an 
optical microscope, the substrate was heated to 120  °C for 5  min to 
release the PMMA layer. The photodetectors were fabricated with the 
same technique. After the completion of Au electrodes transferred 
onto the CsPbCl3 thin film, the device was first immersed in fresh 
trichloromethane (TCM) for 5  min to dissolve PMMA layer. Then, the 
device was washed with isopropanol (IPA) for several seconds and blow-
dried. For the device for image sensing, 50  nm-thick square-liked Au 
metal electrode arrays were first thermally evaporated through a shadow 
mask on a sacrificial SiO2/Si substrate. The transfer procedures were 
the same as that of aforementioned devices. But the PMMA layer with 
50  nm-thick Au electrode arrays was mechanically peeled by thermal 
release tape and laminated directly to the CsPbCl3 thin film and heated 
to 120  °C for 5  min to release the PMMA layer. The PMMA was also 
removed with TCM as aforementioned.

Device Characterization: Electrical and photoelectrical measurements 
were carried out on a probe station (Lakeshore TTP4) equipped with 
a semiconductor parameter analyzer (Agilent B1500A) under vacuum 
condition (≈1.5 × 10−4 Pa). Lasers with different wavelengths of 375, 450, 
532, and 660 nm, respectively, were utilized as the illumination sources.

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