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ABSTRACT Weak light imaging has drawn more and more
attention because of its promising potential for practical ap-
plications in security monitoring and space exploration. In
this work, all-inorganic Cs,AgBiBr; double perovskite-based
self-powered photodetectors containing inorganic copper
thiocyanate (CuSCN) as hole-transport layers (HTLs) are
successfully fabricated and applied for weak light imaging,
which is the first report on the weak light imaging application
of all-inorganic lead-free perovskite photodetectors. CuSCN
films with favorable optical property and hole extraction
capability are prepared via a cost efficient and fast solvent
removal method, demonstrating the potential for high-per-
formance perovskite-based devices as transparent compo-
nents. It is revealed that the band alignment of the device is
effectively optimized with the presence of CuSCN HTLs,
which can availably transport holes while block electrons at
the Cs,AgBiBrs/CuSCN interface, resulting in remarkable
improvement of photoresponse performance. The re-
sponsivity and detectivity are 0.34 A W' and 1.03x10" Jones,
respectively. In particular, the light current has a boost of
almost 10 times. Furthermore, the photodetectors are in-
tegrated into a self-built light detection imaging system uti-
lizing the focused laser scanning imaging mode. With
illumination of as low as 5 n'W cm™ (405 nm), the image in-
volving graphics and words with a size of 5 cmx5 cm can still
be distinctly recognized. These results suggest the promising
potential of all-inorganic perovskite-based devices for weak
light detection and imaging applications.

Keywords: photodetector, weak light imaging, all-inorganic
perovskite, Cs,AgBiBrg double perovskite, CuSCN inorganic
hole-transport layer

INTRODUCTION

The application of weak light imaging has become a
growing interest in the fields of military and civilian,
including nighttime monitoring, astronomical photo-
graphy and biomedical imaging. For instance, imaging
problem with extremely low illumination such as in caves
can be solved by a high-performance weak light detection
imaging system. As the key component of the detection
imaging system, the capability of the photodetector (PD)
highly determines the post-image reconstruction. For
high-quality self-powered photodiode PDs, it is ex-
pectantly required to possess high detectivity (D), low
operating voltage, excellent temperature stability and etc.
[1-3]. Nowadays, Si-based and InGaAs-based PDs are the
major devices for weak light detection [4,5]. However, the
manufacturing costs of these devices, especially the pro-
duction equipment costs (e.g., plasma-enhanced-chemi-
cal-vapor-desposition (PECVD) and molecular-beam-
epitaxy (MBE)), are relatively high, limiting the devel-
opment of large-scale production and the popularity of
applications.

Driven by the increasing diversified application sce-
narios and the requirement of cost efficiency, low-cost
high-quality PDs with additional functionality are at-
tracting widespread attention in the field of photoelectric
detection. Perovskite materials, one of the most glaring
advanced materials in the last decade, have great prospect
in the field of photoelectric devices because of the large
carrier mobility and high light absorption coefficient
[6,7]. Up to now, perovskite materials have been suc-
cessfully applied for solar cells [8,9], light emitting diodes
[10,11] and PDs [2,12]. At present, the most common
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perovskite materials are the organic-inorganic hybrid
perovskite species, which are leady compounds. Sargent’s
group [13] prepared MAPbBrs-based (MA=CH,NH;")
single-crystalline PDs and gained a large responsivity
exceeding 4000 A W ' and a wide bandwidth of ~10° Hz.
Tan et al. [14] synthesized two-dimensional (2D) (C,H,-
NH;),PbBr, crystals and fabricated the corresponding
PDs, achieving an extremely low dark current of ~10 '* A
and an ultrahigh responsivity up to 2100 A W . Never-
theless, the proverbial toxicity of lead is a non-negligible
issue for actual applications. In addition, the stability is-
sue also requires attention and needs to be addressed.
Recently, research on lead-free inorganic perovskite ma-
terials has drawn broad concerns, and many relative
materials have been explored and applied [15-17].
Among them, the species of inorganic double perovskite
materials, such as Cs,AgBiBrg, Cs,AgInClg and Cs,Snl,,
are among the most promising candidates owing to their
environmentally friendly nature, competent photoelectric
capabilities and satisfying stability [18-20]. Tang’s group
[18] fabricated Cs,AgInClg single crystals-based ultra-
violet (UV) PDs with high D’ of 9.60x10" cm Hz"* W™
(Jones) and low dark current of ~10 pA at 5 V bias. Lei et
al. [19] fabricated and characterized Cs,AgBiBr,-based
photoconductive detectors, reaching a specific D" of
5.66x10"" Jones and demonstrating a remarkable stability
after storage for two weeks.

For perovskite-based devices, the structure of planar
heterojunction (PH]J) is cost efficient and more compa-
tible since it can be fully solution-processed at low
temperature [21]. In general, the device with a PHJ
structure consists of an electron-transporting layer (ETL)
and a hole-transporting layer (HTL) for efficient charge
extraction. For ETLs, TiO, layer is the most frequently
used n-type semiconductor and has found mature
methods for high-efficiency devices. As for specific de-
mands, ZnO and SnO, thin films have been applied as
ETLs on perovskite-based optoelectronic devices as well
[22-24]. However, with regard to HTLs, some challenges
still remain. Organic Spiro-OMeTAD (Spiro-OMeTAD:
2,2",7,7"-tetrakis  (N,N-di-p-methoxyphenyl-amine)9,9’-
spiro-bifluorene) and polymer-based poly(triarylamine)
(PTAA) thin films are the major HTL materials for high-
efficiency devices due to their favorable electrical prop-
erties and band matching characteristics [25,26].
Whereas, the costs of these materials are relatively ex-
orbitant for commercial-scale productions. What’s more,
it is appreciable that the organic ingredients of the above
materials are an essential factor affecting the long-term
operation and thermal stability of the devices [27].
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Hence, developing inexpensive inorganic HTL materials
is a promising strategy to settle down the cost and in-
stability issues. Benefiting from the intrinsic p-type
semiconductor nature and the satisfying properties of
adequate energy levels, high hole mobility and good
thermal stability, inorganic copper thiocyanate (CuSCN)
has attracted widespread attention for applying on per-
ovskite-based devices [27-29]. In addition, the wide
band-gap (E,=3.6 eV) characteristic of CuSCN ensures
the desirable transmittance in the range of visible to
near-infrared region, which brings it the attraction for
tandem, bifacial or other applications. Jen and co-
workers [21] prepared CuSCN via a low-temperature
solution process and utilized it for CH;NH;PbI; solar
cells. Encouragingly, a semitransparent PHJ perovskite
solar cell with a power conversion efficiency (PCE) of
10% and an average visible transmittance (AVT) of 25%
were achieved. In 2017, Grétzel’s group [27] used CuSCN
thin films as HTLs for CsFAMAPbI; Br, (FA=
CH(NH,),") perovskite solar cells and obtained a PCE
exceeding 20%, rendering it the most promising potential
HTL materials for large-scale manufacture. Since then,
researches on the further property optimization and ex-
panded application of CuSCN HTLs have received ex-
tensive concerns. Nonetheless, as far as we know, all-
inorganic photoelectric devices that combine lead-free
double perovskite materials with CuSCN HTLs have not
been reported yet.

Herein, we fabricate all-inorganic PHJ PDs with the
structure of TiO,/Cs,AgBiBr,/CuSCN for the first time
and demonstrate the application for weak light imaging.
The as-prepared PDs are a kind of photodiode. With the
addition of CuSCN HTLs, the photoresponse perfor-
mance is remarkably improved. Both light current and
on-off ratio increase by almost an order of magnitude. In
addition, benefiting from the favorable transmittance of
CuSCN layer, the AVT of the device reaches 62.82%,
demonstrating the potential for semi-transparent devices.
Furthermore, it is revealed that the CuSCN HTL can
transport holes efficiently while block electrons at the
Cs,AgBiBr/CuSCN interface, resulting from the opti-
mized band alignment. Moreover, the Cs,AgBiBr,-based
PDs are used as an imaging sensor in a self-built focused
laser scanning imaging system for weak light imaging for
the first time. With illumination of as low as 5 nW cm
(405 nm), both graphics and words in the image with a
size of 5 cmx5 cm can still be clearly identified. These
results suggest the great potential of TiO,/Cs,AgBiBr,/
CuSCN-based all-organic PHJ for photoelectric applica-
tions.
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EXPERIMENTAL SECTION

Preparation of CuSCN HTLs

The CuSCN films were deposited via a spin-coating
process along with a fast solvent removal method [27].
Firstly, CuSCN precursor solution was prepared by dis-
solving 60 mg CuSCN powders (Kanto Chemical Co.,
Inc.,, 99.5% purity) into 1 mL diethyl sulfide (Macklin,
>98% purity) after stirring for half an hour at room
temperature. For the spin-coating process, the spin-
coating rate was varied from 2000 to 8000 r min ' while
the time was fixed at 50 s. When the rate was stable, 50 pL
CuSCN precursor solution was quickly added and com-
pleted within 1 s. Finally, the samples were annealed at
100°C for 5 min.

Preparation of the Cs,AgBiBr-based PDs

F-doped SnO, (FTO) glasses (Nippon Sheet Glass Co.,
Ltd.) were used as the substrates, which were ultra-
sonically cleaned with deionized water, isopropyl alcohol
and ethyl alcohol for 15 min, respectively. TiO, ETLs,
Cs,AgBiBrg double perovskite films and CuSCN HTLs
were deposited onto the FTO substrates in sequence. For
ETLs, TiO, films were prepared via an atomic layer de-
position (ALD) process. During the process, titanium
tetrachloride (TiCl,), H,O vapor and high-purity N, were
respectively used as the precursor, reactant and carrier
gas while the temperature was fixed at 105°C. The
thickness of the TiO, ETLs was controlled to be 20 nm.
Cs,AgBiBrg films were prepared by a one-step spin-
coating process. For the Cs,AgBiBrg precursor solution,
212.8 mg CsBr powders (Alfa Aesar, 99.999% purity),
93.9 mg AgBr powders (Alfa Aesar, 99.9% purity) and
224.4 mg BiBr; powders (Alfa Aesar, 99% purity) were
dissolved in 1 mL dimethylsulfoxide (DMSO) (MP Bio-
medicals, 99.9% purity) at 80°C with a concentration of
0.5 mol L '. After being stirred for 4 h, all of the powders
were completely dissolved. Prior to spin-coating, the
TiO,-coated substrates and the solution were pre-heated
to 80°C for 5-10 min. After that, the heated precursor
solution was spin-coated onto the substrates at
500 r min ' for 6 s and then at 3000 r min ' for 50 s. Then
the prepared samples were immediately annealed at
285°C for 5 min. For the CuSCN HTLs, the preparation
followed the procedures mentioned above. The whole
processes of the Cs,AgBiBr, film and CuSCN HTL pre-
parations were performed in an Ar-filled glove box. Fi-
nally, Au electrodes were deposited by electron beam
evaporation with a thickness of 80 nm through a shadow
mask.

200
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Characterization

The surface morphology of the films was characterized by
scanning electron microscopy (SEM, FEI NNS450). The
composition of the CuSCN films was examined by X-ray
photoelectron spectroscopy (XPS, K-ALPHA+) with
mono Al Ka radiation. The transmittance was char-
acterized by UV-Vis spectrophotometer (Shimadzu, UV-
2600). X-ray diffraction (XRD, Rigaku9000 D8) was used
to identify the crystal structure with Cu Kal radiation (A=
1.54056 A) from 10° to 60° while the photoluminescence
(PL) spectra were obtained from a photoluminescence
spectroscopy (EI FLS980) with 351 nm laser. For device
performance, a self-built measurement system combining
a Keithley 2400 source meter, a laser diode (405 nm), an
oscilloscope and a pulse generator was used to investigate
the photoresponse performance. The spectral response
characteristic was measured by a QE-R system (SR830).
The response speed was evaluated by combining a pulse
laser controlled by a waveform generator and a digital
oscilloscope (Tektronix TDS 2012C, 200 MHz). For weak
light imaging, a focused laser scanning imaging system
consisting of a laser (405 nm), a scanning platform, a
driver, a Keithley 2400 source meter and some other
optical components was used. In addition, a computer
was also applied to control the driver and to process the
data through specific algorithm.

RESULTS AND DISCUSSION

Fig. 1a shows the architecture of the Cs,AgBiBr¢-based
PDs, which are a conventional regular PHJ of perovskite-
based devices. To take advantage of the favorable optical
properties of the CuSCN films, the transmittance of the
films was optimized by adjusting the spin-coating rate. It
is worth mentioning that the CuSCN films were prepared
by a fast solvent removal method in order to avoid sol-
vent problem as well as ensure the quality of the Cs,
AgBiBr, perovskite films. As shown in Fig. S1, the average
transmittances in the range of 320-500 nm and in visible
region (380-780 nm) increase with the spin-coating rates
due to the thinner thickness. Nevertheless, too thin
coating films could be adverse to the device performance.
Fig. S2 exhibits the light current (Ijg,) and dark current
(Igan) of the PDs with the CuSCN layers prepared under
different spin-coating rates ranging from 2000 to
8000 r min . It is found that the Lgn, presents a trend of
increasing first and then decreasing, reaching the max-
imum value at 7000 r min . Regardless of the transmit-
tance, the corrosion time of CuSCN solution on the
perovskite film is a considerable factor [27]. It is known
that perovskite thin film materials are sensitive to solu-
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Figure 1 Structural, morphology and optical characterization. (a) Schematic of the Cs,AgBiBr,-based PD. (b) Transmittance spectra of CuSCN film
and the device. (c) Cross-sectional view of the device. Surface morphologies of (d) Cs,AgBiBr film, (e) TiO, layer, and (f) CuSCN layer.

tions. They may be dissolved by the solutions, resulting in
defects on the surface or in bulk. Therefore, to ensure the
quality of the underlying Cs,AgBiBr, films, their contact
times with CuSCN solution should be as short as possible.
Obviously, speeding up the spin-coating rate is beneficial
to shortening the corrosion time as well as improving the
device performance. Meanwhile, the I has little sig-
nificant changes. Therefore, the spin-coating rate of the
CuSCN film was optimized and fixed at 7000 r min ' in
the following discussion. Fig. 1b displays the transmit-
tance comparison of the CuSCN film and TiO,/
Cs,AgBiBr/CuSCN heterojunction. It is evident that the
transmittance difference of the two samples is mainly
concentrated in the range of 320-500 nm which is at-
tributed to the absorption of Cs,AgBiBry films. The cor-
responding absorption spectra of TiO,, Cs,AgBiBr, and
CuSCN films are presented in Fig. S3. Besides, it is worth
noting that the AVT of TiO,/Cs,AgBiBry/CuSCN het-
erojunction reaches 62.82%, demonstrating the great
potential for serving as semi-transmittance devices. In
addition, the transmittance spectrum of the whole PD is
shown in Fig. S4, indicating the nice transparency as well.
From the SEM cross-section view (Fig. 1c) of the PD, it
can be observed that the thicknesses of Cs,AgBiBrs and
CuSCN films are approximately to be 250 and 80 nm
respectively, which basically meets the requirements of
light absorption and carrier transport for the device.
Fig. 1d-f depict the surface morphology of TiO,,
Cs,AgBiBrg and CuSCN films, respectively. Particularly,
for the Cs,AgBiBr, double perovskite films, the overall
grain size is large with an average size of 320 nm and pin
holes are seldomly observed. With regard to the CuSCN
layer, a continuous and compact film is obtained, which is
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beneficial to carrier transport.

To identify the composition of the CuSCN films, XPS
measurement was performed. According to the survey
spectrum shown in Fig. 2a, all of the expected elements
(copper, sulfur, carbon and nitrogen) are detected. Ad-
ditionally, the element of oxygen is present as well, which
may be caused by the exposure to air. High-resolution
spectra of the characteristic elements are shown in
Fig. 2b-e. The Cu2p spectrum depicts one peak at
932.7 eV, which could be assigned to Cu’, in accordance
with the previously reported literatures [30]. For the C 1s
spectrum, it is fitted into two peaks. The peak at 284.6 eV
is ascribed to the adventitious carbon adsorbing on the
surface while the other peak at 286.2 eV is assigned to the
carbon in thiocyanate functional group (-SCN) with
C=N form [31]. The spectrum of S 2p is fitted into S 2p,,,
and S 2ps;, spin-orbit splitting with peaks at 165.0 and
163.7 eV, respectively, corresponding to the S atom in the
—-SCN species [31,32]. Similarly, the N 1s peak located at
398.8 eV is consistent with the C=N bonding in the
—-SCN species [31,32]. The XRD pattern of the CuSCN
film prepared on conventional glass substrate is presented
in Fig. S5. Two distinct peaks at 16.02° and 27.06° could
be assigned to the typical diffractions of (003) and (101)
planes, indicating the formation of rhombohedral (-
CuSCN thin film (JCPDS No0.29-0581) [21]. The relatively
weak peak intensity may be attributed to the thin thick-
ness of CuSCN film.

To investigate the effects of CuSCN HTLs on the
photoelectric performance and the mechanism, a PD with
a structure of FTO/TiO,/Cs,AgBiBrs (ie., without
CuSCN layers) was prepared and used as the reference
sample. Fig. S6 depicts the current-voltage (I-V) curves of
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Figure 2 Component analysis of CuSCN film. (a) XPS survey spectrum of CuSCN film. High-resolution XPS spectra of (b) Cu 2p, (c) C 1s, (d) S 2p
and (e) N 1s of CuSCN film. LMM: the Auger spectrum of Cu, which represents the Auger electron formed by the excitation of electron in L shell
accompanying with that the vacancy is filled with electron from M shell while the released energy makes the excitation of another electron in M shell.

the samples under illumination of 0.45mW cm °
(405 nm). It is observed that both of the devices perform
favorable photovoltaic characteristics, which can serve as
self-powered PDs. Particularly, the I-V characteristic of
the sample with CuSCN layer measured under dark and
stronger illumination (1.5 W cm ) is presented in Fig. S7,
distinctly indicating the self-powered characteristic. The
typical time-dependent curves of the devices with 405-nm
laser under illumination of 0.45 mW cm  at zero bias are
shown in Fig. 3a for visualized comparison. Clearly, the
photoresponse performance of the device with CuSCN
HTL is remarkably improved, for which the on-off ratio is
boosted almost an order of magnitude. The statistic box

202 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

diagrams of Iy, and Iy, are shown in Fig. 3c, d, re-
spectively. Satisfyingly, with the addition of CuSCN HTL,
the average Iz, of the device increases from 7x10° to
7x10 " A, soaring around tenfold compared with the re-
ference sample. Besides, the Iy, almost remains equable
with the value of 9x10 '° A. Moreover, the responsivity
(R), which is an important parameter for evaluating the
photodetecting efficiency, was used to assess the spectral
photoresponse capability of the devices. As shown in
Fig. 3b, the reference device exhibits a photoresponse
ranging from 320 to 500 nm with two peaks at 370 and
440 nm, respectively. It is gratifying that the R of the
device with CuSCN HTL is dramatically improved in the

January 2021 | Vol.64 No.1
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Figure 3 (a) Time-dependent photoresponse curves of the devices with and without CuSCN HTL. (b) Spectral response performances of the devices.

The statistical box-plots of the corresponding (c) Iy, and (d) Igye

whole range which could be attributed to the enhanced
carrier separation capacity. In addition, the spectral
photoresponse range of the device is slightly widened
instead of narrowed, due to the more efficient carrier
separation by the enhanced built-in potential which can
be evidently found in Fig. S6.

In Fig. 4, the enhancement of photoresponse perfor-
mance can be further understood from the illustrated
energy-band diagram. Under light illumination, the
photon-generated carriers would mainly generate in the
Cs,AgBiBry active layer and be separated by built-in po-
tential. For carrier transportation in ideal conditions,
electrons would flow to the FTO side while the holes
would go toward the Au electrode side due to the energy
difference, leading to the minimized carrier recombina-
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tion and the effective output of the electrical signal.
However, for the reference device (Fig. 4a), compared
with the Cs,AgBiBry film, the work function of the Au
electrode is lower than its bottom of conduction-band
and higher than its top of valence-band. Therefore, both
electrons and holes would flow to the Au electrode side,
resulting in the negative effect on the current output of
the device. By utilizing a CuSCN HTL at the Cs,AgBiBr,/
Au interface (Fig. 4b), it could act as a barrier for electron
movement while efficiently extract the holes benefiting
from the advantageous band alignment. Hence, the
photodetecting efficiency of the device with TiO,/
Cs,AgBiBr/CuSCN structure would be significantly im-
proved. The steady-state PL spectrum was used for fur-
ther evidence. As shown in Fig. S8, the Cs,AgBiBr, film
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Figure 4 Energy-band analysis. Energy-band diagrams of the devices (a) with and (b) without CuSCN HTL.
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exhibits a broad and distinct PL emission centered at
around 620 nm. Nonetheless, in the presence of CuSCN
HTL, the peak is dramatically quenched, resulting from
the optimized band alignment with rapid extraction of
carriers across the interface [27].

Concerning on the weak light response performance of
the devices, the weak light detection limit of the reference
sample is estimated to be ~7x10 ° W cm ~ since it is the
minimum intensity of light for the device to remain
distinct and regular rectangle photoresponse curves
(Fig. 5a). Meanwhile, the D, another essential factor
which represents the capability of a PD for weak optical
signal detections, is calculated to be 1.74x10'* Jones fol-
lowing the equation of D*:[(Ihght—ldark)/lhght]/(2qldark)”2,
where ¢ is the elementary charge [33]. In addition, a re-
sponsivity of 0.04 A W ' was obtained. With regard to the
device with CuSCN HTL, it is encouraging that the weak
light detection limit remarkably reduces to as low as
~1x10 ° W cm * (Fig. 5b), which could be attributed to
the enhanced carrier separation efficiency. In con-
sequence, the R and D" are up to 0.34 AW ' and
1.03x10" Jones, respectively. Table 1 lists performance
comparison of previous reported Cs,AgBiBrg-based PDs.
It is pleasant that the device with CuSCN HTL shows
superior Iy, and D’. Moreover, the linear dynamic range
(LDR) of the devices was also calculated using the fol-

lowing expression: LDR (dB) = 20log(Py,.x/Prin)> Where
P..x and P, are the highest and lowest incident light
powers of the range, respectively, in which the PD re-
sponse is linear with the incident power [33]. As shown in
Fig. 5¢, d, benefiting from the enhanced weak light
photoresponse performance, the LDR of the PD with
CuSCN HTL is extended from 99.8 to 126.8 dB, which is
superior to the commercially available Si (120 dB) and
InGaAs (66 dB) PDs [35]. The comparison of photo-
current as a function of incident power is shown in
Fig. 9. It is found that the photocurrent increase of the
device with CuSCN becomes more obvious with lower
illumination, suggesting the promising potential for weak
light imaging. Fig. S10 presents the enlarged photo-
response curves of rise/decay edges for the devices which
were obtained under a frequency of 10 Hz. The rise/decay
times of the PD with CuSCN HTL slightly decline from
20.09/26.48 to 28.75/32.95 ms. Furthermore, the stability
results of the devices are shown in Fig. S11. It should be
noted that the Cs,AgBiBrg thin film demonstrates sa-
tisfying stability in ambient air. Nevertheless, it is still
unstable in high-humidity environment due to the per-
ovskite feature itself. In this case, we designedly store
both devices in constant high-humidity cabinet (50%
relative humidity (RH)) on the purpose to reveal the ef-
fect of CuSCN layer on humidity stability. We measured

Figure 5 Performance comparison. The photoresponse curves of the devices (a) without and (b) with CuSCN HTL under weak light detection limit

w/o CuSCN I =7x10° W cm™
L]
< 0.121 ! ° f % R F
£ ] 3 ° g
5
© 0.10
R=0.04AW™" D* = 1.74x10"%Jones
0 10 20 30 40
Time (s)
c 107
~ /o CUSCN
10 51 w/o Cu
z 107%4 ;
£ 1073 :
5 1071 ,
1
£ 1079 !
T qq0 |
1 1
]
1074 —— LDR=99.8dB —I
10712 ' !

10° 10® 107 10° 10° 10™ 107 107
Incident power (W cm™)

b
0.28 with CuSCN 1=1x10° W cm™2
g 0267 ° ﬁ e
£ 3 ° q -
= g :
[}
P fin W Y
3
(6]
0221 R=034AW" D* = 1.03x10"Jones
0 10 20 30 40
Time (s)
d 10"
-1 with CuscN
10 1
z 104 [
= . 1
'g 10 7'! |
£ 10- 1
£ 107 ,
8 10
£ 107 :
& 1074 i
107" |
1+ |DR=1268dB ——
10-12 | |

10° 10® 107 10° 10° 10™ 107
Incident power (W cm™)

illumination. The corresponding LDRs of the devices (c) with and (d) without CuSCN HTL.

204

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

1072

January 2021 | Vol.64 No.1



SCIENCE CHINA Materials

ARTICLES

Table 1 Comparison of photoresponse performances of Cs,AgBiBrs-based PDs reported in previous literatures
Device structure Measurement condition Ty (A) R(AW D (Jones) Ref.
Au/Cs,AgBiBry/Au 5V, 404 nm N/A® 7.01 5.66x10"! [19]
ITO’/Sn0,/Cs,AgBiBry/Au 0V, 435 nm 9.5x10"° 0.11 2.4x10" [34]
ITO/SnO,/Cs,AgBiBry/ TFB/Au 0V, 445 nm N/A 0.14 3.3x10" [35]
In/GaN-Cs,AgBiBrs/Ag 0V,5uWcm N/A 1.46 0.94x10" [36]
FTO/TiO,/Cs,AgBiBrs/ CuSCN/Au 0V, 405 nm, ~1 nW cm 2.4x10"° 0.34 1.03x10" This work

a) N/A=not applicable; b) ITO is indium tin oxide.

the current-time (I-f) curves of the samples after storing
them for 30 and 60 d and compared them with the initial
ones. It is found that the PD with CuSCN HTL shows
favorable stability after being stored for 60 d and ~83% of
the photocurrent retains while the photocurrent of the
reference device drops to ~40% under the same condi-
tion. It is known that CuSCN film is a kind of inorganic
material, which would not react with the perovskite ma-
terials, unlike the organic compound [27]. In this case,
the upper CuSCN HTL would act as a protective layer,
reducing the influence of moisture on the Cs,AgBiBry
films and the device performance and consequently im-
proving the stability. Moreover, the results also indicate
that the quality of Cs,AgBiBr, thin film is the main factor
affecting the stability of the corresponding device, rather
than CuSCN HTL.

Additionally, both of the PDs were integrated into a
self-built light detection imaging system and served as
imaging sensors for weak light imaging. The imaging
system utilizes the focused laser scanning imaging mode,
adopting a transmission imaging method. The schematic
of the system is shown in Fig. 6a. In brief, once the laser
shines on and scans the patterns point-to-point, the PD
detects the transmitted light and outputs the related
electric signals for the computer to work out the images
by specific algorithms. Fig. 6b, c reveal the imaging results
provided by the two different PDs under the illumination
of 50 nW cm °. Fig. 6d depicts the corresponding I-t
curves of the PDs. The size of the pattern is 5 cmx5 cm. It
is evident that using the PD with CuSCN HTL can obtain
much better imaging results. In Fig. 6b, the image pro-
duced by the reference PD becomes quite fuzzy under
such illumination condition, especially the words in the
pattern. The signal-to-noise ratio (SNR), defined as the
ratio of the mean output current to the standard devia-
tion of the output current [37,38], shows inhomogeneity
in the whole image as well, resulting from the unstable
outputs during the imaging process. As shown in Fig. 6e,
the current drift of the reference PD is observed in the
amplified I-t curve, which would prominently affect the
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point-to-point imaging under circumstance of low SNR.
As for the current drift, it could be attributed to the tiny
external disturbance during the imaging process, which
becomes apparent in the case of very low output current.
Nevertheless, its influence would be weakened once the
photocurrent is increased. On the contrary, the image
given by the PD with CuSCN HTL can still be well re-
cognized under the same illumination condition whether
graphics or words (Fig. 6¢). To further explore the weak
light detection and imaging capability of the PD with
CuSCN HTL, Fig. 6g-i exhibit the imaging results under
the illumination ranging from 200 to 5 nW cm ’, com-
pared with the initial pattern (Fig. 6f). With 200 n\W cm ~
illumination, the imaging is almost identical to the pat-
tern, including the brightness and contrast. When the
illumination is lowered to 100 n\W c¢m , the imaging re-
mains clear though the SNR gets lower. Encouragingly,
the imaging produced with illumination of as low as
5nW cm © can still reveal the details of the pattern, de-
monstrating the promising potential of the Cs,AgBiBr,-
based PHJ PDs for weak light imaging applications.

CONCLUSIONS

In summary, all-inorganic PHJ self-powered PDs with
Ti0,/Cs,AgBiBry/CuSCN structure were fabricated for
the first time. Benefiting from the favorable optical
property of CuSCN films, the AVT of the device reached
62.82%, demonstrating the promising potential for semi-
transparent devices. The effects of CuSCN HTLs on the
photoresponse performance were investigated in detail.
In the presence of CuSCN HTL, both the Iy, and on-off
ratio of the PD significantly increased by almost an order
of magnitude. In addition, for spectral photoresponse
performance, the responsivity was remarkably improved
in the whole range. It is revealed that the positive effect of
CuSCN HTL on the photoresponse performance is at-
tributed to the optimized band alignment, leading to the
efficient transport of holes and the blocking of electrons
at the Cs,AgBiBry/CuSCN interface. With regard to the
weak light response performance, the weak light detection
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Figure 6 Imaging performances. (a) Schematic of the self-built light detection imaging system. Imaging results of the PDs (b) without and (c) with
CuSCN layer under 50 nW cm  illumination. (d) I-t curves of the PDs under illumination of 50 nW cm - (e) Amplified I-t curve of the reference PD.
Imaging comparison of (f) the pattern and the imaging results with illuminations of (g) 200 nW cm 2, (h) 100 nW cm ” and (i) 5 nW cm . FL: focus

lens; BE: beam expander.

limit of the PD with CuSCN HTL prominently decreased
from ~7x10"° to ~1x10° W cm >, resulting in the ex-
tension of LDR to 126.8 dB. Moreover, the corresponding
R and D rose up to 034 AW ' and 1.03x10" Jones,
respectively, which are superior to the reported
Cs,AgBiBr¢-based PDs. Furthermore, the PDs were in-
tegrated into a self-built light detection imaging system
for weak light imaging. For the image provided by the PD
with CuSCN HTL, the related graphics and words can
still be well recognized with an illumination of as low as
5nW cm ~, while the reference PD has already provided
fuzzy image with an illumination of 50 "W cm . These
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results indicate the great potential of the all-inorganic
Ti0O,/Cs,AgBiBr,/CuSCN PHJ PDs for weak light ima-
ging applications.
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