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ABSTRACT: In this work, a sensitive deep ultraviolet (DUV) light photodetector based
on inorganic and lead-free Cs;Cu,l; crystalline film derived by a solution method was
reported. Optoelectronic characterization revealed that the perovskite device exhibited
nearly no sensitivity to visible illumination with wavelength of 405 nm but exhibited
pronounced sensitivity to both DUV and UV light illumination with response speeds of
26.2/49.9 ms for rise/fall time. The Ijg/Ig, ratio could reach 127. What is more, the
responsivity and specific detectivity were calculated to be 64.9 mA W™ and 6.9 x 10"
Jones, respectively. In addition, the device could keep its photoresponsivity after storage in
air environment for a month. It is also found that the capability of Cs;Cu,l; crystalline film
device can readily record still DUV image with acceptable resolution. The above results
confirm that the DUV photodetector may hold great potential for future DUV
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optoelectronic device and systems.

s an important component of the various optoelectronic
devices, photodetectors (PDs) have gained tremendous
research interest recently owning to their promising
applications in light vision, automatic driving, target detection,
and iris recognition.' ~* Unlike visible and infrared light
photodetectors, ultraviolet (UV) light detector that can absorb
UV photons and convert them into electrical signal is of
paramount importance for a number of fields, such as flame
detection, secure space-to-space communication, missile
guidance, and even space-based warning system.” Currently,
various high-performance UV photodetectors with different
geometries have been developed by using conventional wide-
bandgap semiconductors (e.g., zinc oxide, zinc sulfide, (gallium
oxide, Mg,Zn,_,O, II-V compounds, diamond, etc.).’_11
Moreover, organolead halide compound with a typical
chemical formula of ABX; has also proved to be an ideal
candidate for assembly of highly sensitive UV photodetectors
due to its tunable bandgap, ease of processability, and long
carrier diffusion length.lz_15 Bakr and his colleagues, for
example, have developed a visible-blind UV photodetector
using organic MAPbCI; single crystal.'® The as-fabricated
perovskite photodetector displayed apparent sensitivity to UV
irradiation with a swift speed of 24/62 ms (rise/fall time) and a
responsivity of 46.9 mA W~'. Moreover, Sargent’s group has
also reported a sensitive UV photodetector made of crystalline
MAPbCI, film."” The responsivity reached 18 A/W, and the
response speed was as quick as 1 ms. In spite of this progress,
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there is no gainsaying that these organic—inorganic perovskite
UV light detectors have usually suffered from severe ambient
instability, which constitutes a bottleneck problem for their
practical application. To address this issue, people have
resorted to other inorganic perovskite materials CsPbX; (X =
Cl, Br, I)."®"” While this kind of photoelectric material has also
proved to be suitable for sensitive photodetector device
application, the poisonousness of lead in the material is
unfavorable from perspective of environmental protection.
Here, in this study, we reported a highly sensitive UV
photodetector by choosing perovskite Cs;Cu,l; crystalline film
with a wide bandgap of 3.8 eV as building block, which is
directly deposited on an indium tin oxide (ITO) glass through
slow vapor saturation of an antisolvent (VSA) method. It is
found that the lead-free Cs;Cu,l; crystalline film device shows
apparent sensitivity to 265 and 365 nm irradiation but is nearly
blind to 405 nm visible light. The responsivity is determined to
be 60 mA/W, with a response speed of 26.2/49.9 ms for rise/
fall time, respectively. More importantly, the as-assembled
Cs3Cu,l5 photodetector also exhibits a relatively good ambient
stability even after storage in ambient condition for a month.
Lastly, it is also revealed that the Cs;Cu,l; crystalline film
device can function as a UV light image sensor, which can
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Figure 1. (a) Schematic of the DUV device and the crystal structure of the Cs;Cu,l;. (b) Digital camera photograph of the DUV photodetector
shined by 265 nm light. (inset) The DUV photodetector under white light. (c) FESEM study of the Cs;Cu,l; sample. (d) X-ray diffraction
characterization of the Cs;Cu,ls and the standard date. (e) EDS analysis of the Cs;Cu,l sample on glass. (f) I-V curve of the Cs;Cu,l; film

photodetector without any light illumination.
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Figure 2. (a) Light absorption spectrum of the perovskite crystalline film. (b) The steady-state PL spectrum of the film. (c) I-V curve of a hole-
only device. (inset) The corresponding device geometry. (d) I-V curve for an electron-only device. (inset) The corresponding device geometry.

readily record both UV and deep ultraviolet (DUV) light
images with acceptable resolution. The above study suggests
that the wide bandgap perovskite photodetector may find
potential applications in next-generation UV optoelectronic
systems.

The geometry of the Cs;Cu,lg crystalline film DUV
photodetector (DUVPD) is portrayed in Figure la. In this
work, the perovskite crystalline film was directly grown on ITO
glass by a modified antisolvent vapor-assisted crystallization
process.”’ For convenience, the ITO glass was predefined with
50 ym wide channel before the growth of perovskite crystalline
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film (Please refer to the Figure S1). In the crystal structure of
Cs;Cu,l;, the [Cu,I]*” is composed of a tetrahedral and
trigonal planar Cu halide units, with two kinds of structure
isolated by Cs* ions.”"”** Figure 1b shows the digital camera
photograph of the perovskite photodetector shined by 265 nm
illumination. Clearly, the Cs;Cu,ls material exhibits obvious
photoluminescence, suggesting the unique optical or photo-
electric property. From the vertical view field emission
scanning electron microscopy (FESEM) image in Figure lc
and Figure S2a,b, one can easily conclude that the diameter of
the single crystals ranges from S to 50 um, with an average
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Figure 3. (a) I-V curves of the device shined with various wavelengths; the power intensities are all set to be 2.74 mW cm ™2 (b) Photoresponse
curves of the DUV device illuminated by various wavelengths. (c) The spectral response of the perovskite photodetector. (d) The energy band

diagram under light illumination.

value of 40 um (Figure S2c). Further X-ray diffraction (XRD)
pattern shown in Figure 1d shows that the Cs;Cu,l; sample
could be attributed to orthorhombic phase (a = 10.113 A, b =
11.624 A, ¢ = 14.367 A, PDF No. 45-0077). Energy-dispersive
X-ray spectroscopy (EDS) analysis also finds that the Cs/Cu/I
ratio is ~3:2:5 (Figure le), consistent with the stoichiometric
ratio of Cs;Cu,l;. According to the current—voltage (I-V)
characteristic in Figure 1f, a clear nonlinear I-V curve was
observed, which means Schottky barrier was formed at
Cs;Cu,l/ITO interface.

Figure 2a shows the absorption spectra of the wide bandgap
Cs;Cu,l; crystalline film, from which obvious absorption edge
at ~330 nm was observed. This result coincides with its
bandgap of 3.8 eV. Nonetheless, to our surprise, from the
steady-state photoluminescence (PL) spectrum analysis in
Figure 2b, the emission peak of Cs;Cu,l; crystalline film is
estimated to be at 442 nm. This emission peak is inconsistent
with the bandgap estimated from the absorption, signifying
that the PL spectrum should not be simply ascribed to a direct-
band emission process. As observed in other zero-dimensional
(0D) Sn-based metal halide perovskites, this difference
between the emission peak and the absorption edge (Stokes
shift &# 112 nm) was probably caused by the Jahn—Teller
distortion and self-trapped excitons, as a consequence of the
change of electronic configuration of the Cu atoms from 3d"°
to 3d’ after Cs;Cu,l5 absorbed the photon energy.”"**

To further explore the carrier transport characteristics of the
Cs;Cu,l;s single crystals by using the space charge limited
current (SCLC) approach, we then fabricated both electron-
only and hole-only devices.””~>* The I-V characteristics for
both devices are apparently composed of three regions, as
displayed in Figure 2¢,d. At low bias voltage, the relationship
between the current (I) and voltage (V) is linearly ohmic.
However, as the applied voltage increases, the incident carriers
will fill the trap states. The limit voltage Vg can be calculated
by trap-state density (i), as described by the following
equation

5345

d2

2¢g,¢

entraps

Vg, =
(1)
where &, is the vacuum permittivity, d is the thickness of the
sample (1.5 mm), e is the elementary electronic charge, and
the relative dielectric constant (¢ = 32.5) of Cs;Cu,l; is
calculated according to the following formula

_
g,A ()

where d is the thickness of the sample, and A is the surface area
(6.25 mm?). On the basis of these values, the capacitance of
the as-prepared perovskite is estimated to be 1.2 pf by using an
impedance analyzer. When the applied voltage is further
increased, both devices will work in the SCLC Child’s regime.
In this condition, the dark current of the perovskite can be
determined by the Mott—Gurney law

_ 9805/,tVb2
8d° ®)

where V}, is the bias voltage, € is the relative dielectric constant
of the Cs;Cu,l, d is the thickness of the single crystal, J is the
current without light illumination, and y is the hole or electron
mobility, respectively. On the basis of the two formulas, the
hole trap density (#1y,,,) and hole mobility (4;,) are determined
to be 3.58 x 10" cm™ and 0.036 cm?/(V s), respectively.
What is more, with regard to the electron-only device, the
electron trap density () and electron mobility (u,) are
estimated to be 5.32 X 10" cm™ and 0.828 cm?/(V s),
respectively. Compared with other perovskite materials
including CH;NH;PbBr; (hole mobility is 164 cm?/(V s),
electron mobility is 24.8 cm?/(V s))** and Cs,AgBiBr, (carrier
mobility is 3.17 cm?/(V s)),”” the carrier mobility of the
present Cs;Cu,l; is rather low, which is probably due to the
relatively large binding energy.21

Even though the carrier mobility is relatively low, the
perovskite crystalline film exhibits obvious photoresponse

D
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Figure 4. (a) Current—voltage characteristics of the perovskite film device under 265 nm irradiation with varied intensities. (b) Response curve of
the perovskite device under 265 nm irradiation with various intensities. (c) Tigne/Iaan Tatio at various light intensities. (d) Responsivity and
detectivity of the DUV photodetector at various light intensities. (e) Dependence of EQE upon intensity at zero voltage. (f) Response curve of the
perovskite DUV device under pulsed 265 nm irradiation with a frequency of 20 Hz.

when shined with light illumination (Figure 3a). Figure 3b
exhibits the time-dependent photoresponse under different
light irradiation (265, 365, 405 nm) at zero bias. Clearly the
perovskite UV device is sensitive to 265 and 365 nm light, but
it is virtually blind to 405 nm light. The rejection ratio, which
is defined as the photocurrent under 265 nm light illumination
over the photocurrent under 405 nm light illumination, was
calculated to be 17.8. Such a spectral selectivity is also
confirmed by the normalized spectral selectivity, as shown in
Figure 3c. To understand the above photosensitivity, the
energy band diagram was provided in Figure 3d. For the
Cs;Cuyls perovskite film, the lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital
(HOMO) values are —2.66 and —6.46 eV,'® respectively.
When illuminated by photons with energy larger than the band
gap of Cs;Cu,ls (3.8 eV), photogenerated excitons will be
formed in perovskite. Like conventional Schottky junction, the
electron—hole pairs are swiftly discomposed in build-in electric
field, forming photocurrent in the circuit. Furthermore, the
photoresponse to illumination with energy lower than the band
gap is possibly caused by the existence of exciton levels, in
which the excitons will decompose into free electrons and
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holes through thermal energy or other energies and lead to the
generation of photocurrents.”

In addition to light wavelength, the photoresponse of the
perovskite device was also found to strongly depend upon the
intensity of the incident illumination. Figure 4a plots the
current—voltage curves under 265 nm with different intensities.
It is observed that, when the incident light intensity increases
from 111 to 2.74 mW/cm™2, the photocurrent will gradually
increase from 41 to 140 pA (Figure 4b), as a result of more
photoexcited charge carriers generated at higher intensity. The
corresponding on/off ratio, which is defined by the photo-
current/dark current, was also observed to increase linearly
with the increase of DUV intensity. When the incident light
intensity reaches 2.74 mW/ cm™2, the on/off ratio will reach a
maximum value of 142. To assess the present perovskite device
quantitatively, several important parameters including on/off
ratio (Ihght/ i), responsivity (R), specific detectivity (D), and
external quantum efficiency (EQE) could be estimated by the
following equations®~>*

Ilight - Idark

BigneS (4)
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Figure S. (a) Bias voltage-dependent photoresponse of the perovskite photodetector udder 265 nm irradiation. (b) Relationship between the
photocurrent of the perovskite photodetector with different bias voltages. (c) R and D* at varied bias voltages. (d) EQE of the device at varied bias
voltages. (e) Photoresponse of the device for 50 cycles; another 10 cycles were tested after storage in air for a month.

B R]jghtsl/z
(Z‘eIdark)l/2 (5)
he
EQE = R—
E =R (©)

where Iy, is the current under light irradiaton, Iy, is the
current without light illumination (1.1 pA), Py, is the incident
light intensity, S is the effective size of the perovskite
photodetector (3.5 X 107 cm™), e is the elementary charge,
h is the Planck’s constant, ¢ is the speed of light, and 4 is the
incident light wavelength (265 nm), respectively. By using
these constant and values, the R, D, and EQE under various
light intensities are estimated. As plotted in Figure 4c—e, all
three parameters reach the highest values of 0.11 mA W~ (R),
1.1 X 10° Jones (D), and 0.05% (EQE) under 265 nm DUV
irradiation with a weak intensity of 111 gW cm ™, respectively.
Nonetheless, with increasing DUV light intensity, the three
metrics will decrease. This kind of phenomenon is associated
with the self-heating effect in device at high illumination
intensity, which may result in the increases of carrier scatting
and recombination probability.*>** To estimate the response
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speed of perovskite photodetector, the photoresponse to
switchable light illumination was then studied. Figure 4f shows
the photoresponse under repeatable 265 nm light illumination.
Clearly, the response curve has well-defined rising and
decaying edges. When the frequency was at 20 Hz, the
perovskite photodetector can still be easily converted between
on and off states, with rise/fall times of 26.19/49.9 ms. Such a
response speed could be further improved by either enhancing
the applied voltage or improving the quality of perovskite
crystalline film.

As a matter of fact, the bias voltage applied on perovskite
film device can also influence the photocurrent. Figure Sa
exhibits the photocurrent at different bias voltages under the
same DUV illumination. The photocurrent was found to
increase from 7.6 X 107° to 1.5 X 107 A as the applied bias
increases from 0.2 to 1.5 V (Figure Sb). This finding is
reasonable, as the separation efficiency will be enhanced, and
the photogenerated carriers recombination will be restrained at
large bias voltage. After a careful comparison of the
responsivity, the detectivity, and EQE at various applied
voltages, one may find that all three metrics rise substantially
with rising bias voltage (Figure Sc,d). Specifically, at 1 V, the
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Table 1. Comparison of the Device Parameters of Our Photodetector and Other DUVPDs in Literature

device structure wavelength (nm) R [mA W]
ITO-Cs;Cu,Is—ITO 265 64.9
graphene/f-Ga,0; 254 3.9 x 10*
CsPbX3 QDs/a-Si 200 54
GQD 254 2.1
Au—Ga,0;3 nanowires 254 0.01
ZnS 265 0.1
Ga, Sn,,04 254 17.9

dark current (pA) 7,/ ref

1.1 26.2/49.9 ms this work

1.1 x 10° 84.8/219.2 s 34
0.48/1.03 ms 35

1.5 64/43 ms 36

10 10/3 ms 37

0.01 350/70 ms 38

1200 7.3/512 s 39

responsivity, detectivity, and EQE were 64.9 mA W'~, 6.9 X
10" Jones, and 0.3%, respectively. Another important feature
that is worth discussing is that the present perovskite film UV
device has very good device stability, which is unusual in the
majority of perovskite materials-based optoelectronic devices.
Figure Se compares the photoresponse of perovskite film
device before and after the perovskite UV detector was stored
for a month. The device retained its photoresponse properties
with only 7% degradation in photocurrent. Such good device
stability is ascribed to the unusual structure of perovskite
material, in which the [Cu,X;]*™ is wrapped and protected by
the Cs*, leading to the spatial isolation of [Cu,X;]*” from the
oxygen and moisture. By this token, the perovskite material
virtually keeps unchanged after long-time storage (Figure S3).

In general, most of the perovskite could be directly grown by
one-step spin-coating method, and the as-prepared material
often displayed outstanding optoelectronic characteristics. To
unveil the difference between the present Cs;Cu,I; crystalline
film and Cs;Cu,]g film obtained directly by spin-coating
method, two Cs;Cu,]g photodetectors assembled by different
methods were then fabricated, and their device performance
was compared. The schematic of the film photodetector was
provided in Figure S4a. Figure S4b,c displays the photo-
response under 265 nm irradiation of 2.74 mW cm™>
Compared with the device based on the above crystalline
film, the device made of spin-coated perovskite film exhibited
weaker photoresponse. Specifically, when the applied voltage
was as high as 20 V, the responsivity was estimated to be 0.94
mA W, nearly 70 times lower than that of perovskite
crystalline film detector. Such inferior device performance is
likely correlated with the inferior material quality, as unveiled
by the atomic force microscope (AFM) image (Figure S4d).

Table 1 compares the key device metrics of the our DUV
device and other DUV photodetectors made of either
perovskite materials or conventional ultrawide bandgap
semiconductors. Apparently, the responsivity of the present
device is lower than that of graphene/f-gallium oxide wafer,**
but it is larger than previously reported devices assembled from
CsPbX; QDs/a-Si,”* graphene quantum dots (GQD),** Au—
Ga, 0, nanowires,”” ZnS,*® and Ga, 4Sny,0;.°" Furthermore,
the dark current of this perovskite detector is smaller than the
majority of photodetectors listed in the table. Such a relatively
small dark current shall be associated with the high exciton
binding energy. It is also worth mentioning that, thanks to the
efficient charge separation of the ITO-Cs;Cu,l; interface, the
corresponding response speed of our photodetector is faster
than most of the DUVPDs. This relatively fast response speed,
along with low dark current, high responsivity, and good
ambient stability, makes this perovskite film device highly likely
for future DUV optoelectronic devices.

To explore the possibility of this DUVPD for other
optoelectronic devices, light image sensing was then
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performed. Figure 6a illustrates the schematic of the instru-
ment for imaging characterization. During the image-sensing
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Figure 6. (a) Schematic illustration of the setup for recording DUV
image. (b) The image-sensing profile of HFUT under 265, 365, and
405 nm light excitation.

process, three different images were produced by shining DUV
(265 nm)/UV (365 nm)/visible (40S nm) light directly on a
mask with an “HFUT” (HFUT = Hefei University of
Technology) pattern. The perovskite will move along both -
and y-axes to collect the photocurrent in each pixel, and all the
photocurrent corresponding pixels will be sent to the imaging
software. Figure 6b shows the photocurrent mapping profile
under illumination of 265, 365, and 405 nm. Clearly, the
purple image and light purple image of the HFUT pattern
under 265 and 365 nm illumination can be readily formed in
Figure 6b. However, when the wavelength was replaced with
405 nm, no HFUT image can be observed. As a matter of fact,
more complicated image sensing with relatively large pixels can
be also achieved (Figure SS), suggesting that the perovskite
film device is suitable for DUV light image sensing application.

In conclusion, we have fabricated a DUV light detector by
using all-inorganic, lead-free, and wide-bandgap Cs;Cu,l;
perovskite crystalline film, which was prepared by a solution-
based growth method. Optoelectronic analysis revealed that
the perovskite device showed nearly no sensitivity to visible
illumination but exhibited pronounced sensitivity to 365 nm
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UV and 265 nm DUV light with response speeds of 26.2/49.9
ms for rise/fall times. The responsivity and EQE were as high
as 64.9 mA W! and 0.3%, respectively. It is also found that the
current new DUVPD can also function as efficient image
sensor that can readily collect DUV image with acceptable
resolution. These results, along with the good ambient stability,
testify that the present Cs;Cu,lg crystalline film DUV
photodetector possesses great potential application for next-
generation optoelectronic devices.
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