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ABSTRACT: Multiband detection has always been a challenge and has drawn
much attention in the development of photodetectors (PDs). Herein, we present
controllable synthesis of SnO2 wires with different sizes via chemical vapor
deposition and formed composites with CsPbBr3 particles to realize dual spectral
response. We constructed PDs based on a single SnO2 millimeter wire decorated
with CsPbBr3 particles (SnO2 MMW/CsPbBr3), which showed a stepped
spectrum, fast response speed, and self-powered function. Meanwhile, SnO2
microwires/CsPbBr3 composites (SnO2 MWs/CsPbBr3) were also utilized to
fabricate PDs. It is noteworthy that detection occurred in two different
wavelength bands (320 and 520 nm) with equivalent intensity at a bias of 0 V.
The self-powered feature of this device comes from the built-in electric field at the
interface of SnO2/CsPbBr3, and the dual-color response originates from asymmetric junction barriers between conduction
bands of SnO2 and CsPbBr3. This work demonstrated promising self-powered PDs that are capable of multiband detection.

Photodetection technology is crucial for wide applications in
versatile fields, such as remote control, flame detection,
environmental monitoring, and communication.1−8 With the
increase of energy crisis worldwide, self-powered photo-
detectors (PDs) attract great attention by working without
external driving forces as a built-in electric field contributes to
its photocurrent response under zero bias. Recently,
researchers have been developing self-powered PDs with
better performance or integrated features.9−13 Dual response is
one of the promising features to expand its capacity. The
detection range of various PDs covers almost all of the spectral
segments. However, a single PD usually has a specific spectral
response range. To satisfy some special requirements in
applications with regard to full color imaging and so on,14,15

investigations on PDs with dual wavelengths are particularly
important.
Because of its stability and high electron mobility, tin oxide

(SnO2) has become an important material in the fields of
optoelectronic devices. As an oxide semiconductor with a wide
bandgap of ∼3.6 eV, SnO2 is frequently used as an ultraviolet
PD (UV PD). Various SnO2 nanostructures such as single
millimeter wires (MMWs), nanowire arrays,16,17 nanonets,18

and nanofibers19 have been fabricated and tested for UV PDs.
Among them, devices based on SnO2 wires or arrays with
materials like inorganic TiO2

20 or organic PEDOT:PSS21 are
discovered with self-powered properties. However, few works
have represented dual-wavelength response. Therefore, it is
worthwhile to investigate the properties based on SnO2 wire
PDs.
All-inorganic perovskite CsPbBr3 is a perovskite material

attracting intensive interests.22,23 It has been investigated for its
remarkable optoelectronic properties because of the advan-
tages of high electron mobility and small exciton binding

energy.24 Moreover, CsPbBr3 has high stability, and its film can
be integrated into various optoelectronic devices.25,26 There
have been reports on PbSe wires with a CsPbBr3 shell that
show good optoelectronic performance, including high
responsivity (∼104 A·W−1) and fair response speed (∼ms).27

Despite the great physical and chemical properties and ease of
composition, there are few studies focusing on the devices
based on CsPbBr3 and SnO2 wires. Consequently, utilizing
CsPbBr3 to form composites with SnO2 wires deserves
consideration.
In this work, we investigated the photoelectric properties of

SnO2/CsPbBr3 composites. SnO2 microwires (MWs) and
MMWs are obtained by chemical vapor deposition. To induce
the growth of SnO2 MWs, the substrates were sputtered with
Au. Additional, MWs would elongate when the reaction time
and temperature were further increased. Subsequently,
CsPbBr3 in solution was transferred onto the SnO2 MWs
and MMWs, and CsPbBr3 would crystallize and form the
SnO2/CsPbBr3 composites with further heat treatment. It is
found that PDs based on single SnO2 MMW/CsPbBr3
composites have shown not only self-powered features but
also stepped spectral responsivities. PDs based on SnO2 MWs/
CsPbBr3 composites represent dual-wavelength response (320
and 520 nm) under zero voltage bias. Our work indicates that
the different photoresponse based on different SnO2/CsPbBr3
composites is very promising for practical applications.
Figure 1a−c shows the X-ray diffraction (XRD) patterns of

the SnO2 MMW, SnO2 MWs, and CsPbBr3 particles,
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respectively. The strong and sharp diffraction peak of the SnO2
MMW at 33.9° corresponds to the (101) crystal face of rutile
SnO2 (Figure 1a). No other peaks are noticeable, suggesting
that the as-obtained SnO2 MMW possesses a single-crystal
structure. All of the peak positions of pure SnO2 MWs and
their relative intensities are in good agreement with rutile SnO2
with lattice parameters of a = b = 4.738 Å and c = 3.187 Å
(JCPDF No. 41-1445), confirming the crystallinity and purity
of the as-obtained sample (Figure 1b). The diffraction peaks
for the pure SnO2 MWs appearing at 26.6, 33.9, and 51.8° are
attributed to (110), (101), and (211) crystal facets. The
diffraction peaks of the CsPbBr3 particles match well with the
phase of CsPbBr3 (JCPDF No. 54-0752) (Figure 1c). The
sharp peak located at 30.6° is assigned to the (200) plane, and
the diffraction peaks with 2θ of 15.2, 21.6, 37.8, and 43.9° are
indexed to the (100), (110), (211), and (220) planes of the
CsPbBr3.
Furthermore, X-ray photoelectron spectroscopy (XPS)

characterizations were performed to characterize the surface
composition of the SnO2 and CsPbBr3. Figure S1a displays the
total survey spectrum of the SnO2 sample and reveals the
dominant existence of elements Sn and O. As shown in Figure
S1c, the splitting peaks of Sn 3d at 487.1 and 495.5 eV are
related to Sn 3d5/2 and Sn 3d3/2, depicting the presence of Sn
in the tetravalent oxidation state. Figure S1b displays the total
survey spectrum of the CsPbBr3 sample. As shown in Figure
S1d, the binding energy peaks located at 739.3 and 725.3 eV
can be ascribed to the spin orbital splitting photoelectrons of
Cs 3d3/2 and Cs 3d5/2. The binding energy peaks located at
144.6 and 139.7 eV can be assigned to Pb 4f5/2 and Pb 4f7/2,

confirming the existence of Pb2+ in CsPbBr3 samples (Figure
S1e). The binding energy peaks located at 70.0 eV can be
assigned to Br 3d5/2, confirming the existence of Br in CsPbBr3
samples (Figure S1f). Moreover, signals from other impurities
cannot be detected in the SnO2 and CsPbBr3, proving the high
purity of the as-prepared samples, which corresponds well with
the results in XRD characterization.
Figure 2a,b shows a picture of the actual pictures of SnO2

MMWs and SnO2 MWs, which were grown by a typical

chemical vapor deposition method. The SnO2 MMWs with
lengths of 2−6 mm were synthesized at 1300 °C, and the SnO2
MWs were prepared at 1100 °C on a substrate that was
presputtered with Au particles as the seed layer. The enlarged
images of SnO2 MWs in Figure 2d display that the pure SnO2
MWs have diameters of about 10−100 nm and lengths of
several microns, and the SnO2 MWs are disorderly and
interlaced together (Figure S2a). Figure 2c,e,f shows the
scanning electron microscopy (SEM) images of the SnO2
MMW/CsPbBr3 and SnO2 MW/CsPbBr3 with different
magnifications (Figure S2b). It is observed in Figure 2c that
the SnO2 MMW has a length over 3 mm. On the one side, the
single MMW is embellished with a few CsPbBr3 particles (the
right image in Figure 2e), while on the other side, it is wrapped
in CsPbBr3 (the left image in Figure 2e). A single SnO2 MMW
was placed on a quartz substrate with a gentle slope in the long
direction. The CsPbBr3 solution was then dropped onto the
higher right side and flowed to the left side due to the gravity
force. With the evaporation of DMSO solvent and further heat
treatment, CsPbBr3 crystallized and was tightly bonded to the
surface of the SnO2 MMW. As in Figures 2f and S2b, the
CsPbBr3 particles are tightly attached to SnO2 MWs that have
different diameters and some lengths of more than 10 μm. The
aspect ratio of SnO2 in the composite can achieve more than
100, which shows the anisotropy of the products.

Figure 1. XRD patterns of (a) SnO2 MMWs, (b) SnO2 MWs, and (c)
CsPbBr3 particles.

Figure 2. (a,b) Actual pictures of SnO2 MMWs and SnO2 MWs. SEM
images: (c,e) SnO2 MMW/CsPbBr3 composites; (d) SnO2 MWs; (f)
SnO2 MW/CsPbBr3 composites.
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To explore potentials of PDs based on single SnO2 MMWs,
we utilized CsPbBr3, which is a research focus because of its
unique physical and chemical properties to form composites
with SnO2 MMWs. Figure 3a demonstrates the structure of the

PDs based on SnO2 MMW/CsPbBr3 composites. The typical
current−voltage (I−V) curves of the SnO2 MMW/CsPbBr3 in
a logarithmic plot are shown in Figure 3b in the dark and upon
300 and 500 nm light. SnO2 MMW/CsPbBr3 PDs show
differences in the photocurrent and dark current, which means
it obtains photoelectric properties. The photocurrents of the
composites could reach 0.3 μA at biases of 3 V under
illumination of 300 nm, around 5000 times as high as that in
the dark. The photocurrent under 500 nm light was lower but
still remained at a level of 3 nA. Noticeably, a relatively high
photocurrent of 1 nA/0.1 nA under illumination of 300 nm/
500 nm at nominal zero bias, as shown in Figure 3b, suggests
that the hybrid device can operate without an external driving
voltage. Figure S3a, showing the I−V curves for pure SnO2
MMWs in the dark and upon 300 nm light, indicate that the
pure SnO2 MMW device shows no self-powered properties.
Therefore, it is concluded that the self-powered behavior in the
SnO2 MMW/CsPbBr3 hybrid device is contributed from the
built-in electric field between the SnO2 MMW and CsPbBr3.
Figure 3c exhibits the time-dependent current (I−t) curves

of the SnO2 MMW/CsPbBr3 PD upon periodical 300 and 500
nm light at 3 V. Under light illumination of 300 nm at a bias of
3 V, the current rose to 0.3 μA and then declined to 30 pA
with light on and off. This high photo-to-dark current ratio
results partly from the good quality of SnO2 with a single-
crystalline structure, which can minimize the defect density,
avoid the deleterious effects of defect and grain-boundary
recombination, and facilitate the transport of carriers. By

comparison, the current upon 500 nm was 2.5 nA/30 pA when
the light was on/off. Figure S3b shows the I−t curves of pure
SnO2 MMWs, which correspond well with Figure S3a. Under
each cycle of switching on, the current instantly increases to 20
nA.
The spectral responsivity (Rλ) and detectivity are two other

key parameters to evaluate the performance of a PD. The
responsivity is defined as the photocurrent per unit of incident
power, indicating how efficiently a detector responds to optical
signals. It is usually calculated as below

R
I I

P S
ph d=

−
λ

λ (1)

where Iph is the photocurrent, Id is the dark current, Pλ is the
light power density, and S is the effective area under
irradiation. The detectivity (D*, typically quoted in Jones),
which reflects the ability to detect weak signals from the noise
environment, is also a key merit for a PD. Considering that the
major contributor of background noise is the shot noise from
the dark current, the detectivity can be expressed as

D
R

eI S(2 / )d
1/2* = λ

(2)

The detected spectral response ranges from 600 to 300 nm.
The calculated results of SnO2 MMW/CsPbBr3 based PDs are
shown in Figure 3d,f. Due to the high photocurrent and low
dark current of the device, the maximum responsivity was 1.9
A·W−1, and the maximum value of D* was 1.0 × 1013 Jones at
300 nm under 3 V. Such a high detectivity may be determined
in a direct way.28 The I−t curves at zero bias (Figure 3e)
showed a current of 1 nA/2 pA when the 300 nm light was on/
off and 0.1 nA/2 pA when the 500 nm light was on/off. At zero
bias, the responsivity was much lower compared with that at 3
V with a peak value of near 10 mA/W. It increased from 600 to
300 nm, which rose rapidly at a wavelength of about 320 nm
with another sharp increase at around 520 nm (Figure 3f). The
detectivity had a similar trend as that of the responsivity, with a
maximum value of 2.6 × 1011 Jones. As shown in Figure S4, the
rise time (tr, the current to increase from 10 to 90%) and the
decay time (td, the current to drop from 90 to 10%) of SnO2
MMW/CsPbBr3 composites are counted to be 0.03 and 1.94
ms at a bias of 0 V, which indicates an ultrafast response speed.
The responsivity of pure SnO2 MMW PDs under 3 V is shown
in Figure S3c. A maximum responsivity of 0.38 A·W−1 was
achieved at 300 nm, while it showed responsivities lower than
0.02 A·W−1 at 380 nm or longer wavelengths. The device is
similar to a series circuit between SnO2 and CsPbBr3. Due to
SnO2 mainly contributing to the responsivity, the value of the
photocurrent at a wavelength of 300 nm is much larger than
that of 500 nm.
Other than MMWs, large quantities of SnO2 MWs were also

synthesized to further understand the properties of SnO2/
CsPbBr3 PDs. CsPbBr3 in DMSO solution was dropped onto
the SnO2 MWs and crystallized. The SnO2 MW/CsPbBr3
composite film (Figure 4a) was obtained after annealing at 70
°C for 30 min. Pure SnO2 MW devices represent no self-
powered behaviors, though they present photoelectric proper-
ties (Figure S5). Figure 4b indicates a typical optoelectronic
performance SnO2 MWs/CsPbBr3 PD, which shows a self-
powered property that originates from the heterojunction of
SnO2 MWs and CsPbBr3 particles. The dark current remained
less than 0.1 nA at 3 V, and the photocurrent under

Figure 3. (a) Schematic diagram of the single SnO2 MMW/CsPbBr3.
(b) I−V curves of the SnO2 MMW/CsPbBr3 under dark and
illumination of 300 and 500 nm. I−t curves of the SnO2 MMW/
CsPbBr3 with periodical on/off switching upon 300 and 500 nm light
under biases of (c) 3 and (e) 0 V. Responsivities and detectivities of
the SnO2 MMW/CsPbBr3 under the biases of (d) 3 and (f) 0 V.
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illumination of 300 and 500 nm of around 10 nA showed no
apparent difference. When comparing the two groups of data
displayed in Figure 4b, the currents under illumination of 300
and 500 nm are nearly the same when the light is on. Figure
4c−f represents the similarities and differences between the
SnO2 MW/CsPbBr3 PD at 0 and 3 V. As depicted in Figure 4c,
the current achieved 10 nA when light (300 and 500 nm) was
switched on at 3 V. The dark current of 300 nm was 0.3 nA,
larger than that under 500 nm light (0.1 nA). The I−t curve
displayed in Figure 4e shows that the photocurrent was around
0.6 and 0.4 nA under 500 and 300 nm light at 0 V, respectively.
Once the light was switched off, the current decreased to less
than 2 pA.
For pure SnO2 MWs, the responsivity was close to 6 μA/W

in the wavelength range of 350−600 nm but experienced a
slight increase at shorter wavelength and reached a maximum
value of 75 μA/W at a wavelength of 300 nm (Figure S5c).
Notably, the SnO2 MW/CsPbBr3 hybrid device displays dual-
color response. It possesses two peaks of responsivity that
appear at 320 and 530 nm at 3 V (Figure 4d). With the
increase of wavelength, the value of the responsivity rises
slightly from 334 to 347 μA/W, followed by a considerable
drop to the minimal value of 62 μA/W at 360 nm. Then it rises
stepwise to the other peak value of 293 μA/W at 530 nm,
which is a little less than the former peak value. Finally, it falls
back to the lowest point. In Figure 4f, the spectral responsivity
of the SnO2 MW/CsPbBr3 hybrid device at 0 V shares the
same variation trend with that at 3 V. The spectral responsivity
of the hybrid device at 0 V has local maximum value positions
of 320 and 520 nm, and the peak values are 20 and 25 μA/W,
respectively. When comparing the two groups of data sets in
Figure 4d,f, although the SnO2 MW/CsPbBr3 PDs have similar
local maximum value positions and peak values, and a

difference in the relative responsivity upon 300 and 500 nm
light illumination is observed. At a bias of 3 V, SnO2 MWs
have good photoelectric properties in the ultraviolet band.
Consequently, the crest value is under light illumination of 320
nm. On the contrary, the built-in electric field of SnO2 MW/
CsPbBr3 is the main factor that affects the responsivity at zero
bias, and hence, the absolute maximum value is at 520 nm. As
for the detectivities, the absolute values are 1.6 × 1010 and 1.2
× 1010 Jones under a bias of 3 V at wavelengths of 320 and 530
nm, respectively. At 0 V, the values are 5.2 × 109 and 7.8 × 109

Jones at wavelengths of 320 and 520 nm, respectively. This
device can be considered as a parallel circuit between SnO2
and CsPbBr3; therefore, the intensity of the responsivities
between the wavelength of 300 and 500 nm is almost
equivalent.
As shown in Figure 5a,b, the reason for the dual-color

response lies in the emergence of asymmetric junction barriers

between conduction bands of SnO2 and CsPbBr3. The
asymmetric junction barriers cannot completely cut off the
response of the visible light. The bandgaps of SnO2 and
CsPbBr3 are 3.6 and 2.35 eV,29,30 respectively. The absorption
edge at around 520 nm resulted from the near-band-edge
absorption of CsPbBr3, and the absorption edge at around 320
nm originated from the near-band-edge absorption of SnO2.

10

Under light illumination of 500 nm, CsPbBr3 is excited, while
SnO2 is not. Driven by the built-in electric field, the electrons
will flow to the conduction band of SnO2 while the holes move
toward the valence band of CsPbBr3. The position of the
conduction band in CsPbBr3 is higher than that of SnO2.
However, the conduction band edge in CsPbBr3 is lower than
that of SnO2, and a junction barrier is formed at the interface.31

The existing junction barrier in the conductive band weakens
the rectification effect of the heterojunction photodiode,
resulting in a wavelength cutoff below the bandgap of SnO2.
When the incident wavelength lies between the two bandgaps,
only CsPbBr3 is photoexcited to generate photoinduced
carriers, but the junction barrier drifts carriers back to CsPbBr3
to keep electric neutrality, generating stable photocurrent
below the photosensitive region of SnO2. The SnO2 MMW/
CsPbBr3 PDs show a stepped spectrum and self-powered
properties, but the SnO2 MW/CsPbBr3 PDs show a self-
powered dual-color with equivalent response intensity. Our
study provides an alternative approach to fabricate PDs with
dual response.
In summary, controllable synthesis of SnO2 MMWs and

SnO2 MWs is realized by chemical vapor deposition. The
SnO2/CsPbBr3 composites are then developed by dropping

Figure 4. (a) Schematic diagram of the SnO2 MW/CsPbBr3; (b) I−V
characteristics of the SnO2 MW/CsPbBr3 under dark and illumination
of 300 and 500 nm; I−t curves of the SnO2 MW/CsPbBr3 with
periodical on/off switching upon 300 and 500 nm light under biases
of (c) 3 and (e) 0 V; responsivities and detectivities of the SnO2
MW/CsPbBr3 under biases of (d) 3 and (f) 0 V.

Figure 5. Schematic energy band diagrams of the SnO2/CsPbBr3 PD
under light illumination of (a) 500 and (b) 300 nm showing the
photogenerated carrier transfer process under light illumination.
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CsPbBr3 solution onto SnO2. For the SnO2 MMW/CsPbBr3
composite, the device shows a self-powered, fast response
speed and stepped spectrum. For SnO2 MW/CsPbBr3, it
exhibits a self-powered dual-color response (320 and 520 nm)
with equivalent intensities. The built-in field between SnO2

and CsPbBr3 allows the device to operate without an external
bias. The asymmetric junction barriers formed between
conduction bands of SnO2 and CsPbBr3 result in the dual-
color response. The results reported in this paper explore the
dual-color self-powered PDs based on SnO2 wires/CsPbBr3
composites, providing a promising approach for future
developments of high-performance multiband detected PDs.

■ EXPERIMENTAL METHODS

Preparation of SnO2 MMWs. SnO2 MMWs were prepared via a
typical vapor transport process in a tube furnace. A mixture of
SnO2 and graphite with a weight ratio of 1:1 was loaded in a
ceramic boat, where an equal amount of pure SnO2 was loaded
downstream. The previously cleaned Si/SiO2 or quartz as the
substrate was placed on the ceramic boat. Then the ceramic
boat was put into a quartz tube. The temperature was
increased to 1300 °C at a rate of 20 °C per minute, maintained
for 90 min, and then declined naturally. A constant flow of
nitrogen was used as the carrier and protecting gas in the entire
process. A lot of SnO2 MMWs were obtained on the substrate.
Preparation of SnO2 MWs. SnO2 MWs were obtained via a

typical vapor transport route similar to the preparation of SnO2

MMWs. The difference is that the substrate was sputtered with
20 nm Au particles as a seed layer in advance. The temperature
was increased to 1100 °C at a rate of 20 °C per minute,
maintained for 30 min, and then declined naturally. Large
quantities of SnO2 MWs were achieved on the substrate.
Fabrication of SnO2/CsPbBr3 Composites. To prepare the

CsPbBr3 solution, 0.4 M CsBr and 0.4 M PbBr2 were dissolved
in dimethyl sulfoxide (DMSO) solution. The solution was
stirred and further filtered by using a syringe filter. SnO2

MMWs and SnO2 MWs were prepared as previously said. The
CsPbBr3 solution was then dropped onto the SnO2-coated
substrates and heated up to 70 °C for 30 min. Two small
pieces of indium pastes were doctoral-bladed onto the
composites as electrodes to construct PDs.
Characterization. The morphologies of the as-synthesized

products were characterized by field emission SEM (FE-SEM
Zeiss Sigma), XRD (Bruker D8-A25 diffractometer, Cu Kα
radiation (λ = 1.5405 Å) in the 2θ range from 10 to 70°), and
XPS (E PerkinElmer PHI 5000 C ESCA system equipped with
a hemispherical electron energy analyzer). The binding energy
for the C 1s peak at 284.6 eV was used as the reference for
calibration. The photoelectric performances were characterized
with a program-controlled semiconductor characterization
system (Keithley 4200, U.S.A.). Time-resolved responses of
the device were measured via the circuit, including with a
Nd:YAG laser with a pulse duration of 3−5 ns (Continuum
Electro-Optics, MINILITE II, 355 nm), an oscilloscope
(Tektronix MSO/DPO5000), and a 1 GΩ resistor. The light
intensity was measured with a NOVA II power meter (OPHIR
Photonics). All of the measurements were performed in the
ambient.
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