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ABSTRACT: In this study, we developed a sensitive red-light
photodetector (RLPD) based on CsBi;];, perovskite thin film.
This inorganic, lead-free perovskite was fabricated by a simple
spin-coating method. Device analysis reveals that the as-
assembled RLPD was very sensitive to 650 nm light, with an
on/off ratio as high as 10°. The responsivity and specific
detectivity of the device were estimated to be 21.8 A/W and
1.93 X 10" Jones, respectively, which are much better than
those of other lead halide perovskite devices. In addition, the
device shows a fast response (rise time: 0.33 ms; fall time: 0.38
ms) and a high external quantum efficiency (4.13 X 10°%). It
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is also revealed that the RLPD has a very good device stability even after storage for 3 months under ambient conditions. In
summary, we suggest that the CsBi;I,, perovskite photodetector developed in this study may have potential applications in future

optoelectronic systems.
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B INTRODUCTION

Since the publication of the first report on perovskite solar cells
in 2009,"” methylammonium lead halide (e.g., CH;NH;PbX;;
X = Cl, Br, I) perovskite materials have received huge research
interest worldwide because of their tunable direct band gap,
high carrier mobility, and large absorption coefficient.” In
addition to photovoltaic devices, methylammonium lead halide
materials in the form of either thin films, nanocrystals, or
nanowires have been demonstrated to be ideal candidates for
assembling other electronic and optoelectronic devices, such as
photodet(ectors,4_7 chemical sensors,*’ light-emitting di-
odes,'’™"* and lasers."*™'° Among these perovskite-based
devices, photodetectors, which can directly convert light
illumination into electrical signal, are of particular importance
for their promising application not only in military fields, such
as target detection, military surveillance, and space-based
warning, but also in civil fields, including light vision, remote
control, industry automation control, and nondestructive image
technology. Because of these merits, a number of perovskite
photodetectors with high performance have been developed.
For example, Cho’s group developed a novel hybrid photo-
detector composed of CH;NH;Pbl; layers and graphene.
Owing to the unique absorption and the photogating
mechanism of the heterojunction, the perovskite—graphene
hybrid photodetector exhibited a high a specific detectivity of
~10° Jones."” Hu et al. fabricated a flexible CH;NH,Pbl;-film-
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based broad-band photodetector. The as-assembled organic
halide lead perovskite photodetector exhibited obvious
sensitivity to a broad-band wavelength from visible light to
ultraviolet light. At 780 and 365 nm, the device had
responsivities of 0.0367 and 3.49 A/W and external quantum
efficiencies (EQEs) of 5.84 and 1.19 X 10%%.'® By using a
simple solution-processed method, Yang’s group reported a
high-performance organic—inorganic hybrid perovskite photo-
detector. The device, using CH;NH;Pbl; ,Cl, layer as light
harvester, displayed a large specific detectivity, approaching 10
Jones,"* and a fast photoresponse of up to 3 MHz with 3 dB
bandwidth." In spite of these progresses, the above perovkiste-
based photodetectors have two obvious problems: first, because
of the presence of Pb atoms, which are environmentally
unfriendly substances, the application of these devices is strictly
prohibited. Second, the methylammonium is not stable. As a
result, the methylammonium lead halide perovskite-based
photodetectors usually have low ambient device stability. To
address this problem, various groups have tried to substitute the
Pb with Ge,”® Mn,*' and Sn.** Unfortunately, the as-substituted
perovskite materials still have some shortcomings, such as poor
device performance,” high cost,”” and toxicity.”* In this study,
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Figure 1. (a) Schematic illustration of the stepwise process for the fabrication of the CsBi;],, perovskite film photodetector. (b) Picture of both the
precursor and the CsBi;];, perovskite film on glass. (c) XRD pattern of the CsBi3];, perovskite film. (d) Schematic illustration of the crystal structure
of the CsBisl}, perovskite film; the purple, green, and yellow spheres represent Bi, I, and Cs atoms, respectively.

Figure 2. FESEM images of the CsBi,],, perovskite film obtained via direct spin coating at low magnification (a) and high magnification (b). FESEM
images of the CsBi;],, perovskite film after NCP and VFSP treatments at low magnification (c) and high magnification (d), in which the inset shows

the cross-sectional SEM image of the film on Si.

we report on the fabrication of a new inorganic, lead-free
perovskite red-light photodetector (RLPD). The CsBisl;,
perovskite film was synthesized by a simple spin-coating
method. Optoelectronic study revealed that the as-assembled
device exhibited obvious sensitivity to red-light illumination,
with excellent reproducibility and good spectral selectivity.

Under 650 nm illumination, the responsivity and specific
detectivity of the device were estimated to be 21.8 A/W and
1.93 X 10" Jones, respectively. Furthermore, the perovskite
photodetector has a high response speed of <1 ms (t./ten =
0.33/0.38). The above result confirms that the present CsBi;];,
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Figure 3. (a) Typical I-V characteristics of the RLPD with different metal electrodes. (b) Picture of the RLPD. (c) Typical I-V characteristics of the
PD with Au electrodes under light and in dark at log scale. (d) Photoresponse of the RLPD when the 650 nm light was alternately turned on and off
at +1 V bias voltage. (e) Dark current and photocurrent of six typical CsBi;I;,-film-based RLPDs. (f) Comparison of the absorption of the CsBis];,

film and the spectral selectivity of the CsBi;],,-film-based RLPD.

film photodetector may have potential applications in future
optoelectronic device systems.

B RESULTS AND DISCUSSION

Figure la illustrates the stepwise procedure to fabricate the
lead-free perovskite-film-based RLPD. The CsBi;,, perovskite
film was fabricated by directly spin-coating the precursor on
glass through a modified spin-coating method, which has been
reported previously.” After synthesis, the brownish black,
inorganic, lead-free perovskite film on glass (Figure 1b) was
deposited by two metal electrodes (Au: SO nm), with the
assistance of a shadow mask. The as-assembled device was then
placed on a printed circuit board (PCB). For the sake of
stability, aluminum wires (S pm) were then used to connect the
two Ti/Au electrodes to the PCB through wire bonding. To
study the phase of the perovskite film, the X-ray diffraction
(XRD) pattern was then studied. As shown in Figure 1c, all of
the diffraction peaks can be readily ascribed to the
rhombohedral structure of Bil;, with lattice constants a =
0.75 nm and ¢ = 2.07 nm, and the hexagonal structure of
Cs;Biyly, with lattice constants a = 0.84 nm and ¢ = 2.1 nm.
According to previous study,” like Bil;, the present CsBisl;,

has a layered crystal structure, which is partially broken into a
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zero-dimensional structure as in Cs;Bi,I; between the layers
(Figure 1d).

It should be pointed out that during the synthesis of the
CsBi,l; perovskite film chloroform was used to accelerate the
volatilization of the solvent [dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO)], followed by drying under
vacuum condition. Such a nanocrystal pinning (NCP)*® and
vacuum-flash-assisted solution process” (VESP) are highly
beneficial to the growth of high-quality thin films. Figure 2a—d
compares the field emission scanning electron microscopy
(FESEM) images of the CsBisl;, perovskite film with and
without further NCP and VESP treatments. It is clear that the
thin films obtained directly from spin coating are composed of
large particles. However, the product after NCP and VEFSP
treatments has a highly smooth thin film.

To select an ideal electrode metal for the photodetector, we
deposited both Au and Ti/Au electrodes with different work
functions on the perovskite material. Figure 3a shows the I-V
curves of a 1 ym thick CsBi3];, film with different electrodes. It
was found that the electrical conductivity of Au/CsBi;l;y/Au is
1 order of magnitude larger than that of Au/Ti/CsBisl;,/Ti/
Auy, indicating the relatively low contact resistance of the Au/
CsBi,l}, interface. This finding is consistent with the fact that
the perovskite material usually exhibits a weak p-type electrical
conductivity,” which needs a metal electrode with a relatively
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Figure 4. (a) Typical I-V characteristics of the CsBi;I;; RLPD under different intensities of illumination of 650 nm light. (b) The corresponding
photoresponse of the RLPD under the 650 nm light with various power intensities at +1 V bias voltage. (c) The fitting of the relationship between
the photocurrent and intensity. (d) The responsivity and specific detectivity as a function of light intensity. (e) The EQE as a function of light

intensity.

high work function for Ohmic contact. In light of this, Au
electrodes were used to fabricate the photodetector (Figure
3b). Interestingly, once the Au/CsBisl;o/Au-based photo-
detector was shined by 650 nm light, it will display pronounced
photoresponse. As shown in Figure 3c¢,d, at a bias voltage of 1
V, the dark current is as low as 0.16 pA; however, the
photocurrent is as high as 11.8 nA under light illumination,
with an intensity of 84 mW/ cm?, yielding an on/off ratio as
high as 10°. Besides the high on/off ratio, the photoresponse of
the present CsBisl;, RLPD is highly reproducible: the device
can be easily switched between high-conductivity and low-
conductivity states when the incident light was repeatedly
turned on and off. Figure 3e shows both the dark current and
photocurrent of six representative perovskite photodetectors,
with two straight lines denoting the average values. It was
observed that the majority of the devices show a dark current in
the range of 0.16—0.31 pA, with an average value of 0.24 pA,
and a photocurrent in the range of 10.7—11.8 nA, with an
average value of 11.3 nA. It is worth noting that the present
device shows excellent spectral selectivity. Figure 3f shows the
spectral photoresponse in the wavelength range of 400—800
nm. Obviously, the RLPD was sensitive to light illumination
with wavelength less than 650 nm. Nevertheless, it was virtually
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blind to light illumination with wavelength longer than 700 nm.
This good spectral selectivity is in agreement with the
absorption curve, according to which, the band gap of the
CsBijl,, material is estimated to be 1.77 eV.”® Understandably,
the peak photosensitivity at 650 nm is associated with the
trade-off between the number of photogenerated carriers and
the kinetic energy when shined by a constant power but
different wavelengths: Compared to that of photons with
relatively low energy, photons with higher energy usually have
high possibility to overcome the energy barriers, and contribute
to the photocurrent. However, the increase of the photon
energy is inevitably at the cost of photon number. As a
consequence, the increase of incident photons can compensate
the decrease of the possibility for the excited electron—hole
pairs to become the effective photoinduced current. In this
study, the photocurrent reaches the maximum value at 650 nm.
A slight deviation in this wavelength will lead to less-efficient
trade-off and therefore a low photocurrent will occur.”*~*°

It is also revealed that the photoresponse of the CsBisl;,-
film-based RLPD is dependent on the light intensity. Figure 4a
shows the I—V characteristics under 650 nm light illumination,
with light intensity ranging from 27.8 W/ cm? to 98.3 mW/
cm?. Apparently, under different intensities, the CsBi,I;o-film-
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Figure S. (a) Photocurrent of the RLPD under 650 nm light illumination at various bias voltages. (b) Responsivity and specific detectivity of the

RLPD at different bias voltages. (C) EQE as a function of bias voltage.

based RLPD always exhibited a typical Ohmic contact.
Furthermore, the photocurrent is found to gradually increase
with increasing light intensity. Further study shows that such
RLPD has an excellent switching characteristic: The photo-
current increases dramatically and stabilizes at an “on” state
when shined by either strong or weak light illumination, but it
decreases fast to an “off” state once the illumination was
switched off. The rising edge and fall edge are very sharp,
indicative of a very high response speed. A quantitative study of
the light-intensity-dependent photocurrent demonstrates that
the photocurrent can be roughly described by a power law: I =
AP’ where I is the current under light illumination, A is a
constant of 650 nm, P is the intensity of the red light, and 0 is
an exponent. By fitting the experimental results shown in
Figure 4c, the exponent 6 is determined to be 0.99 for this
CsBi;];-film-based RLPD. This exponent, which is very close
to 1, confirms that the perovskite film is of high quality with a
relatively low density of defect states.’’ To quantitatively
compare the device performance of the present RLPD to that
of other perovskite-based photodetectors, the responsivity (R)

and specific detectivity (D*) were calculated as follows*>**
L-la
BS M
1/2
(2el,)'? )

where I is the photocurrent, I is the dark current, P, is the
incident light intensity, S is the effective area of light irradiation
(S =6 x 10" m?), and e is the value of electronic charge.
According to the above equations and the experimental value
(I,=262 X 107 A I[; =238 Xx 1002 A P, =2 X 107 W/
cm?), R; and D* were estimated to be 21.8 A/W and 1.93 X
10" Jones, respectively, at the bias voltage of 1 V. Figure 4d
plots both R and D* under various intensities of incident 650
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nm light. One can see that both the responsivity and specific
detectivity decrease with the increase of light intensity at weak
light illumination. Furthermore, both these parameters keep
nearly constant values when the light intensity is in the range of
10.7—100 mW/cm? Meanwhile, the EQE, which is the number
of electrons probed per incident photon, can be estimated by
EQE = hcR;/eA, where h is Planck’s constant, c is the velocity of
the incident light, R; is the responsivity of the photodetector, e
is the electronic charge, and A is the wavelength of the incident
light. Figure 4e plots the EQE at a bias voltage of 1 V; the EQE
was as high as 4.13 X 10°% at 0.2 mW/cm”. This parameter
displays almost the same evolution as responsivity and specific
detectivity, as shown in Figure 4d. This saturation at a high
light intensity was believed to be associated with the
photocurrent saturation, which is due to the filling mechanism
of the sensitizing centers of the CsBil;, film at high light
intensity.34’35

In addition to light intensity, the photocurrent of the RLPD
was dependent on the bias voltage. Figure Sa shows the
photocurrent at various bias voltages under the same
illumination (wavelength = 650 nm, light intensity = 84.0
mW/cm?). In the bias voltage range of 0.2—6 V, the
photocurrent gradually increases with bias voltage. To unveil
how and to what extent the bias voltage will influence the
responsivity, detectivity, and EQE, these three parameters
corresponding to different bias voltages were calculated. As
shown in Figure Sb,c, all of the three parameters increase
gradually with increasing bias voltage. This finding is reasonable
considering the fact that the high bias voltage will accelerate the
transit of the photogenerated charges. Subsequently, the
conductivity of the CsBisl;, film was increased, leading to an
increase in responsivity, specific detectivity, and EQE.’

Next, the photoresponse to pulsed illumination was studied.
The equivalent circuit and setup for the measurement is
illustrated in Figure 6a, in which R, is the photodetector and R,
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Figure 6. (a) Schematic illustration of the measurement setup. Photoresponse of the RLPD under pulsed red light with frequencies of (b) 200 Hz,
(c) 400 Hz, (d) 800 Hz, (e) 1 kHz, (f) 2 kHz, and (g) 3 kHz. (h) (Inex — Lnin)/Imex Vs switching frequency. (i) A single normalized cycle of the
RLPD for estimating both rise time and fall time.

Table 1. Comparison of Device Performance of the Present RLPD to That of Other Perovskite-Material-Based Photodetectors

device structure responsivity (A/W) 7,/7¢ (ms) on/off ratio ref
CsBi3l) film 21.8 0.33/0.38 10° this work
MAPDI; nanoparticles 3.49 100/100 152 18
CH;3NH;Snl; nanowire arrays 0.47 1500/400 >S5 22
(CH,NH,),MnCl, thin film 120 23
CsPbBr; nanosheets/CNTs 31.1 0.016/0.38 10° 37
(RNH,),(CH,NH,), M, X3,.1 0013 10/7.5 108 38
CsPbBr; microparticles 0.18 1.8/1.0 8 x 10° 39
MAPbI; nanowires 1.32 0.3/0.3 23 40
MAPDI; microwires 13.5 0.08/0.24 ~10° 41
MAPbDI; nanowires 0.005 0.5/0.5 300 42
MAPbDI; (network) 0.1 0.3/0.4 300 43
TiO,—MAPDI; 0.00049 20/20 44
CsPbBr; nanoparticles/Au NCs 0.01 02/1.2 45
WS, 0.7 4100/4400 46
Moy W, sS, alloy films 5.8 <150 47
Bi,Te;—Si 1 <100 48
PbS NC/Ag NC 0.004 49
is a series resistor with a resistance of 80 M. Figure 6b—g device could be repeatedly switched between on and off states.

shows the photoresponse of the RLPD under pulsed 650 nm Specifically, Figure 6h shows that the relative balance [(I,., —
light irradiation with various frequencies of 200 Hz, 400 Hz, Iin)/Ine) of the RLPD was still larger than 60% when the
800 Hz, 1 kHz, 2 kHz, and 3 kHz, respectively. Apparently, the switching frequency was as high as 3 kHz, indicative of the great
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potential of the RLPD for sensing fast-switching optical signals.
According to the normalized cycle of photoresponse under 3
kHz light illumination, rise time (7,) and fall time (zy),
corresponding to the time from 10 to 90% and from 90 to 10%,
respectively, were determined to be 0.33 and 0.38 ms,
respectively. Table 1 compares the responsivity, response
time, and on/off ratio of the present RLPD to those of other
perovskite-film-based devices. It is evident from the table that
these three parameters of our device are poorer than those of
the photodetector made of CsPbBr; nanosheets/carbon
nanosheets (CNTs).>” However, these values are much better
than those of the other devices listed in the table, including
MAPbDI, (nanoparticles,18 nanowire,"”** microwire,*’ net-
work,*® and heterojunction“), CsPbBr, (microparticles,39
nanoparticles*’), CH;NH,Snl; nanowire,”” (CH;NH,),MnCl,
thin film,” (RNH;),(CH;NH,),_ M, X;,,,,”° and so on. In
addition to that of the perovskite-material-based photo-
detectors, the performance of the present RLPD is better
than that of other chalcogenide semiconductor devices made of
WS,,*® Moy sWqsS, alloy films,”” Bi,Te;—Si heterojunction,*®
and PbS NC/Ag NC hybrid structure.”’

Another outstanding merit of the present RLPD is its
excellent device stability. Figure 7a plots the photoresponse of

(a)
12 After 3
—_— 9 [~
=
£
§ 6 ' —
5
o3
O L
0 5 10 15 20 25 30 35
Time(min)
(b)
—_ After 3 mon
: AL
< Wd MWKJM. i
£
n
[—
=5}
e
=
10 2.0 3.0 4‘0 5.0 60

20

Figure 7. (a) Photoresponse of the RLPD for 40 cycles; the last five
cycles correspond to the photoresponse after storage in air for 3
months. (b) Comparison of the XRD pattern of the CsBiyl}, film
before and after 3 months.

the RLPD for 40 cycles under ambient condition. It can be seen
that the response is very stable, with nearly identical
photocurrent and dark current for each cycle. Remarkably,
this device showed excellent stability after storage for 3 months,
without any encapsulation and protection, as opposed to
previously reported methylammonium lead halide-based
devices,*”*°" which normally suffer from poor device stability.

Understandably, such a good ambient stability is associated
with the special inorganic structure, in which the substitution of
methylammonium with an inorganic cesium atom can endure
long-time exposure to ambient condition and therefore
substantially increase the material stability. In fact, the good
stability is also confirmed by XRD patterns before and after 3
months. As illustrated in Figure 7b, all of the peaks attributed to
the CsBisl, film in the XRD pattern keep virtually unchanged
after long-term storage, except some slight variation in the peak
intensity. This excellent device stability, together with the good
device performance will render the present RLPD potentially
useful for the assembly of high-performance optoelectronic
systems in future.

B CONCLUSIONS

In this study, we report on the fabrication of nontoxic, lead-free,
inorganic CsBi;I;, perovskite film for RLPD application. The
as-fabricated perovskite device exhibited high sensitivity to red
light, with excellent reproducibility, good spectral selectivity,
and a high on/off ratio of 10°. The responsivity and specific
detectivity were as high as 21.8 A/W and 1.93 X 10" Jones,
respectively. It was also found that the perovskite photo-
detector is capable of detecting pulsed light illumination with a
frequency as high as 3 kHz. Furthermore, the rise and fall times
were estimated to be 0.33 and 0.38 ms, respectively. These
excellent device parameters and the good device stability under
ambient condition corroborate that this CsBi;l,;,-perovskite-
based photodetector has great promise for future optoelec-
tronic device application.

B EXPERIMENTAL SECTION

Materials Preparation and Characterization. In this study, the
CsBi;l; film was synthesized using a precursor, which was grown by a
modified method.” All chemicals were purchased and used without
further purification (Bily, 99.99%, Macklin Company; CsI, 99.9%,
Macklin Company). Briefly, 0.2598 g of CsI and 1.7691 g of Bil; were
dissolved in a mixed solvent (1 mL) containing DMF and DMSO with
a volume ratio of 13:1. The resulting solution was filtered by a
poly(tetrafluoroethylene) filter paper heated up to 70 °C for 10 min
before use. To fabricate the CsBi;l;, film, a glass plate (1 cm X 1 cm)
was washed with acetone, ethyl alcohol, and ultrapure water for 15
min, respectively. After treating in oxygen plasma for 12 min, the glass
plate was spin-coated with the precursor solution at 3000 rpm for 60 s,
followed by rinsing with 1 mL of chloroform (CHCl;). The as-
deposited sample was then dried in vacuum at 125 °C for 30 min to
improve crystal property and further allowed to cool to room
temperature. The brownish black CsBi;I}, perovskite film was
characterized by FESEM (SIRION 200 FEG) and an X-ray
diffractometer (Rigaku D/Max-B).

Device Fabrication and Analysis. To fabricate the RLPD device,
the above CsBi;],, perovskite film with a homemade shadow mask was
put into the chamber of an ultrahigh vacuum electron-beam evaporator
(6.7 x 107 Pa), which will be used to deposit two parallel Au
electrodes (50 nm) on both sides. The optoelectronic property of the
CsBi;]j-film-based RLPD was examined by an -V semiconductor
characterization system (4200-SCS; Keithley Co. Ltd) equipped with a
monochromator (SP2150; Princeton Co.), from which the mono-
chromatic light was directly focused and guided onto the RLPD. To
measure the response speed of the RLPD to pulsed light, a homemade
setup composed of a 650 nm laser diode (Q-Line, P-200mW-A),
driven by a signal generator, and an oscilloscope (TDS2012B;
Tektronix) was used. Before device analysis, the power intensity of the
incident light was calibrated by a powermeter (Thorlabs GmbH., PM
100D).
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