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Fabrication of two Se/CsPbBr; heterojunctions
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It has been a universal route for enhanced photoelectric performance in photodetectors by constructing
a heterojunction that is conductive for suppressing recombination of photogenerated carriers and
promoting collection efficiency, and probably producing self-powered capability. However, the
dependence of the built-in electric field distributions created by the heterojunction on photodetector
performance has rarely been investigated. Herein, two kinds of self-powered UV-visible photodetectors
with different device architectures based on single Se wire and CsPbBrz particles are facilely fabricated
and compared. It is found that both the two photodetectors show excellent self-powered operating
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different responsivity and detectivity spectra for the Se/CsPbBrs photodetectors. These results are
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1. Introduction

Photodetectors (PDs), which can detect irradiation directly by
transforming light signals into electrical signals, have attracted
much attention in the past decades due to their wide applica-
tions in versatile fields including environmental monitoring,
space exploration, light communication, chemical and biolog-
ical analysis, imaging etc."®* Among these PDs, self-powered PDs
have shown great potentials as they are effective, reliable and
most importantly energy-saving. Differing from many PDs
which can only operate under an external power source, self-
powered PDs can work under zero bias by exploiting the
photovoltaic effect from p-n junctions, heterojunctions or
Schottky junction under light illumination. The built-in electric
field created by these structures contributes to its photocurrent
response under zero bias. Therefore, self-powered PDs have
attracted more and more attention as the increasing emphasis
on energy conservation. Recently researchers have developed
versatile self-powered PDs with improved performance or inte-
grated features.”™ For example, Wang's group has reported that
a fully transparent ultraviolet (UV) PD based on TiO, thin film
can work without external power sources due to the asymmetric
Schottky junctions.’ Moreover, an UV communication system
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has been developed, showing good capability of data commu-
nication. Among these devices, the design of device architec-
tures is of particularly importance for fabricating self-powered
PDs. Therefore, it is necessary to study the influence of device
architectures of on their photoelectric performance and in-
depth mechanism for self-powered PDs.

Considering the materials utilized to fabricate different types
of high performance PDs, intrinsic p-type semiconductor sele-
nium (Se) is a prospective candidate and has attracted many
attentions for its excellent physical properties, such as high hole
mobility (~0.14 ecm® V™' s7), high intrinsic carrier concentra-
tion (~9.35 x 10'® cm™?), fast response time and nonlinear
optical responses.***® The band gap of approximately 1.7 eV
means that Se possesses broadband photoresponse from visible
to ultraviolet region. Researchers have fabricated several Se PDs
based on various micro/nanostructures, such as nanoscale thin
films, micro/nanowire, microtubes and nanosheets.”** Se
microwires synthesized by chemical vapor deposition features
low cost, sound crystallization, and more importantly they are
easy to build Se-based heterojunction PDs by combining with
other materials. Hu et al. has fabricated a single Se microwire
broadband PD with responsivity enhancement by sputtering Au
nanoparticles, which is interpreted by the surface plasmon
coupling effect.” In Yu et al.'s research, self-powered broadband
PD of single Se microwire with half-coated conductive polymers
[polyaniline (PANI), polypyrrole (PPy) and poly (3,4-ethyl-
enedioxythiophene) (PEDOT)] have achieved via a facile and
low-cost in situ polymerization method.*® These integrated PDs
all show excellent self-powered behaviors under UV-vis light

© 2022 The Author(s). Published by the Royal Society of Chemistry
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illumination. However, the effect of device architectures on the
Se-based PD performance has rarely been investigated.

Compared with single-element semiconductors, the pres-
ence of multi-element semiconductor materials with variety of
bandgaps show more possibilities for obtaining all-optical
functions and may partly enhance the photodetection perfor-
mance. As structure impinges on the properties, it is expected
enhanced properties can be realized by adjusting the structures
in the composites. Among them, perovskite semiconductors
gradually show excellent photoelectric properties due to their
unique material properties.**** For example, Ding's group has
reported the design and fabrication of high-performance
visible/near-infrared dual color PDs based on CH;NH;PbBr;
perovskite hybrid films.*® Recently, fully inorganic cesium lead
halide perovskite (CsPbX3;, X = Cl, Br, I) nanocrystals have been
emerging as an important class of semiconductor materials,
which has immediately gained tremendous interest since the
pioneering works.** They possess superior photophysical prop-
erties and wide potential applications in optoelectronic
devices.?>?¢

Particularly, CsPbBr; perovskite with high stability and
simple fabrication process has been combined with various p-
type semiconductors to construct different heterostructures
for photodetecting applications, such as CsPbBr;/ZnO,
CsPbBr;/TiO,, CsPbBr;/Sn0,.””*° Fang et al. has reported that
SnO,/CsPbBr; PDs with two different structures have both
outstanding photoelectric performances. A kind of SnO,/
CsPbBr; PDs has been constructed by a single SnO, millimeter
wire decorated with CsPbBr; particles, which shows self-
powered characteristic and fast photoresponse (0.03 ms/1.94
ms). Meanwhile SnO, microwires combined with CsPbBr;
have been also utilized to fabricate another kind of SnO,/
CsPbBr; PDs, exhibiting dual wavelength response (320 and 520
nm) under zero voltage bias.>® Wang's group has demonstrated
a high-performance self-powered CsPbBr; perovskite PD based
on an all-inorganic structure. The configuration of the PD
consists of glass/FTO/ZnO NRs/CsPbBr3/MoOs/Au. The con-
structed self-powered devices show high performance with the
responsivity of 0.3 A W', detectivity of 1.15 x 10'* cm Hz"?
W' and on/off ratio of 4.5 x 10>.* Li et al. has developed
a high-performance, self-powered and flexible photothermo-
electric effect PDs based on laser-scribed reduced graphene
oxide/CsPbBr; (100 mA W™ for 405 nm and 10 mA W™ for 118
pum).** The device exhibits ultrabroadband photodetection and
high responsivity covering from ultraviolet to terahertz range at
zero bias voltage. Accordingly, the construction of CsPbBr;-
based heterojunctions, in which the built-in electric field as
a driving force can suppress recombination of photogenerated
carriers and then promote collection efficiency, produces
a wonderful self-powered characteristic. However, the depen-
dence of the built-in electric field distributions created by the
heterojunction on PD performance has rarely been investigated.
Additionally, there exist few works focusing on the PD struc-
tures based on CsPbBr; and Se semiconductors. Therefore, we
have constructed two CsPbBr;/Se structures to exploit PD
performance in depth.
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In this work, millimeter Se wires are synthetized by chemical
vapor deposition. The ultralong wire enable us to easily fabri-
cate heterojunction PDs with different architectures. Two kind
of PDs architected with fully-covered CsPbBr; on Se wire
(denoted as Se/CsPbBrs/1) and partially-covered CsPbBr; on Se
wire (denoted as Se/CsPbBr;/2) heterojunctions are fabricated
and compared. It is found that both PDs possess self-powered
features, fast response and binary response. However, the Se/
CsPbBr;/2 PDs present much higher open-circuit voltage (0.9 V)
than that with Se/CsPbBr;/1 PDs (0.1 V). Moreover, it is observed
that the Se/CsPbBr;/2 device shows a rapid rise from 600 to
500 nm, but the Se/CsPbBr;/1 device shows an obvious drop
from 600 to 500 nm in responsivity and detectivity. The
underlying mechanisms are analyzed and are suggested to be
related to different distributions of the built-in electric field at
the interface of Se and CsPbBr;. This study provides guidance
for constructing performance-tunable, self-powered hetero-
junction PDs by regulating the device architectures.

2. Results and discussion

X-ray diffraction (XRD) patterns are used to determine the
crystallographic nature of the single Se wire and CsPbBr;
particles. Se wires were synthesized via a typical chemical vapor
deposition method and CsPbBr; particles are obtained by
heating the DMSO solution which contains CsBr and PbBr,
(detailed in the Experimental section). As shown in Fig. 1a,
a high crystal quality is proved by the strong and sharp
diffraction peak of the single Se wire at the degree of 23.5°,
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Fig. 1 XRD patterns: (a) Se wire (b) CsPbBrz particles XPS spectra: (c)
Se 3d (d) Cs 3d (e) Pb 4f (f) Br 3d.
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corresponding to the (100) crystal face of hexagonal Se with
lattice parameters of a = b = 4.364 A, ¢ = 4.959 A (JCPDS No. 65-
1876). The as-prepared high-quality Se wires provide a prom-
ising candidate to integrate with other semiconductor materials
for various device structures. Fig. 1b exhibits the diffraction
peaks of the CsPbBr; particles, which match well with the
cesium lead bromide phase of CsPbBr; with lattice parameters
of a = b = ¢ = 5.83 A (JCPDF No. 54-0752), confirming the
crystallinity and purity of the as-obtained sample. The main
diffraction peaks of CsPbBr; particles located at 21.6°, 30.6°,
37.8° and 43.9° are attributed to the (110), (200), (211) and (220)
crystal facets of the CsPbBrs;.

In order to investigate the composition and electronic states
of the as-prepared Se wires and CsPbBr; particles, X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed by using element C for calibration. Fig. 1c displays the
XPS spectrum of the Se sample. The binding energy peak
emerging at 52.6 eV reveals the presence of elemental Se
(related to Se 3ds,,). Fig. 1d-f present the spectra of elements in
CsPbBr; sample. The binding energy at 725.4 eV is corre-
sponding to Cs 3ds,, (Fig. 1d). The two binding energy peaks
located at around 139.5 eV and 144.4 eV can be assigned to Pb
4f,;, and Pb 4f,, respectively, revealing the existence of Pb** in
CsPbBr; samples (Fig. 1e). The binding energy peaks located at
69.9 eV can be ascribed to the spin orbital splitting photoelec-
trons of Br 3ds/, (Fig. 1f). These results further demonstrate the
coexistence of element Se, Cs, Pb and Br in the samples. All

Fig. 2 SEM images of (a and c) single Se wire (b and d) Se/CsPbBrs
composites and (e and f) CsPbBrz particles with different
magnification.
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these characterizations suggest that the as-obtained Se wires
and CsPbBr; particles possess good crystallinity.

Fig. 2 displays the scanning electron microscopy (SEM)
images of three samples with different magnifications. As
shown in Fig. 2a and c, part of single Se wire with a mean
diameter of 50 um is observed. The surfaces are smooth, indi-
cating the high purity of Se products. The CsPbBr; solution was
dropped onto the Se wire and heated in the surrounding envi-
ronment. After the evaporation of the solvent, the Se/CsPbBr;
composites were formed. The enlarged image of single cuboid
CsPbBr; particle on Se wire in Fig. 2b demonstrates that the
CsPbBr; particle was crystallized and grown tightly on the
surface of Se wire. In Fig. 2d, many CsPbBr; particles partially
covered and tightly attached to Se wire, forming Se/CsPbBr;
composites. It is observed in Fig. 2d that the single Se wire has
a length longer than 1 mm. The aspect ratio of Se wires in the
composites can achieve more than 20, which shows the
anisotropism of Se products and indicates their preferential
growth direction of (100). The ultralong wire enables assem-
bling different heterostructures easily. The pure CsPbBr;
particles with an average diameter of around 10 pm are
observed as accumulating together, as given in Fig. 2e and f. The
simplicity of the preparation of CsPbBr; particles will permit
promising use of Se/CsPbBr; composites for fundamental
studies and potential applications.

The schematic diagrams of the construction of two different
Se/CsPbBr; heterojunction are depicted in Fig. 3a and b,
respectively. During the fabrication of Se/CsPbBr;/1 PD, a single
Se wire is placed on a glass substrate and the CsPbBr; solution
is dropped onto it. As the DMSO solvent evaporation under heat
treatment, CsPbBr; crystallizes and is closely tied to Se wire. For
the fabrication of Se/CsPbBr;/2 PD, a single Se wire is laid across
a small gap between two separate pieces of glass before the
CsPbBr; solution is dropped. After annealing and crystallizing,
the Se/CsPbBr;/2 heterojunction is formed. Two small indium
pieces were pressed onto the Se/CsPbBr; composites as the
electrodes to build the device. The photoelectric properties of
the as-prepared devices were then investigated at room
temperature by using a two-probe method. Typical current-
voltage (I-V) curves of the two Se/CsPbBr; PDs in logarithmic
plot are displayed in Fig. 3c and d in the dark and upon 600 nm,
450 nm and 300 nm light illumination under the bias of 3 V.
Both Se/CsPbBr; PDs show obvious differences in photocur-
rents and dark currents. The photocurrents of the Se/CsPbBr;/1
and the Se/CsPbBr;/2 devices can reach 10 nA and 6 nA at bias of
3 Vunder 450 nm light illumination, which are ten and twenty
times as high as that in the dark, respectively. The Se/CsPbBr;/1
PD has higher photocurrents, but the Se/CsPbBr;/2 photode-
tector shows a much lower dark current and thus a higher
photo-to-dark current ratio (Fig. 3d). Noticeably, the relatively
high photocurrents of about 0.4 nA under 450 nm light for Se/
CsPbBr;/1 and Se/CsPbBr;/2 heterojunction existing at nominal
zero bias indicate both devices can operate without an external
driving voltage. By comparison in Fig. 3e and f, the I-V curves
for pure Se wire and CsPbBr; particles indicate that both PDs
have photoresponse performance, but show no self-powered
properties. Therefore, the self-powered behavior in the Se/

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06597e

Open Access Article. Published on 24 November 2022. Downloaded on 4/3/2026 12:02:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(a) Sel/CsPbBra/1

View Article Online

RSC Advances

Se/CsPbBr3/2

~/7-:.-
/L

vw«

(c) 1E-8
1E-9
§1E-103 :
§ k)
5 1E-11; i = Dark
o i * 600nm
1E-12] Ax1=0.1V ! 4 450nm
Se/CsPbBr3/1 i +  300nm
3 2 4 & 1 2 3
Voltage (V)

~~
o
~

Se
15.91\ /
1E-10+4

< v
£ 1E-11]
2 L]
5 1E-12{ i
(3]
1E-131 = Dark
. = 450nm
1E-14 . . - ; .
-3 -2 -1 0 1 2
Voltage (V)

(d) 1E-8
1E-9{
a ] '
= 1E-10 :
s TN
5 1E-11{ | v
o _ ! 600nm
1E42] Ax2=0.9V | +50ren
Se/CsPbBra/2 ' 300nm
-3 -2 -1 0 1 2 3
Voltage (V)
(f) 1E-8. CsPbBr3
) 15-9]\ /—
<
£ 1E-10;
g
5 1E-11;
o
1E-12;4 = Dark
1E-13 M M ...
-3 -2 -1 0 1 2 3
Voltage (V)

Fig. 3 Schematic diagram of (a) the Se/CsPbBrz/1 device and (b) the Se/CsPbBrs/2 device. [-V characteristics of (c) the Se/CsPbBrs/1 PD and (d)
the Se/CsPbBrs/2 PD under dark and illumination of 600 nm, 450 nm and 300 nm. The /-V curves of (e) pure Se wire and (f) pure CsPbBrs

particles under dark and illumination of 450 nm.

CsPbBr; composites mainly results from the formation of het-
erojunctions between Se wire and CsPbBr; particles due to the
internal photovoltaic effect. More importantly, there are
significant differences between the two Se/CsPbBr; PDs. For the
photocurrents at bias of 3 V upon 600 nm light, the photocur-
rent of Se/CsPbBr;/1 is very close to that upon 450 and 300 nm
light illumination, but the photocurrent of Se/CsPbBrj/2 is
much lower under the same test condition. For the open-circuit
voltage, the Se/CsPbBrs;/1 PD only have 0.1 V, but the Se/
CsPbBr;/2 PD show a much larger value of 0.9 V. This indicates
a much stronger built-in electric field formed between Se wire
and CsPbBr; particles for the Se/CsPbBr;/2 PD than the Se/
CsPbBr;/1 PD. In addition, both devices have higher photo-
currents than that of pure Se wire. These results demonstrate
that the composites devices not only show enhanced photo-
electric properties, but also exhibit self-powered characteristics.

Fig. 4a and b show the time-dependent current (I-t) tests
under 600 nm, 450 nm and 300 nm light at 0 V. Under each cycle
of switching on, the current of Se/CsPbBr;/1 PD instantly
increases to the value of around 0.38 nA (0.52 nA and 0.45 nA)
and falls back dramatically to the original value of about 1 pA

© 2022 The Author(s). Published by the Royal Society of Chemistry

when the 600 nm (450 nm, 300 nm) light is off. The on/off ratio
of this device, defined as the ratio of photocurrent to dark
current (I,p/Ig) of the photodetector, is calculated to be about
400 at zero bias. The current of Se/CsPbBr;/2 rises to 0.46 nA,
0.88 nA and 0.74 nA, and then declines as with 600 nm, 450 nm
and 300 nm light on and off respectively. The results also
confirm the stability and repeatability of the devices. The I-¢
curves correspond well with the I-V curves, yielding stable and
repeatable self-powered characteristics at zero bias.

To better illustrate the time resolved properties of the two
devices, a quick response measure system is applied and pulse
responses of Se/CsPbBr;/1 and Se/CsPbBr;/2 PDs are given in
Fig. 4c and d. The quick response measure system uses a pulsed
YAG:Nd laser as a light source, the voltage of series resistor as
a function of time is recorded by the oscilloscope. When the
pulse laser irradiates upon the PDs, the resistance of sample
decreases, leading to the rising of partial voltage on series
resistor. The photoresponse of both the two devices are very fast
under the bias of 0 V. For the Se/CsPbBr;/1 device, the rise/decay
time is estimated to be 0.01/0.81 ms (Fig. 4c). This performance
for Se/CsPbBrs/2 device is a little bit worse, with the rise/decay

RSC Adv, 2022, 12, 33780-33788 | 33783
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time of 0.05/1.43 ms. It is evident that the devices based on Se
wire and CsPbBr; particles show ultrafast response speed.
Especially for the Se/CsPbBr;/1 heterojunction, the rise time can
reach sub-millisecond magnitude, which is the fastest response
time for Se based PDs, to our best knowledge. Zeng's group
has reported the rise and decay time of CsPbBr;/ZnO PDs are
0.88/1.53 ms, respectively.”” Fang et al. has proposed a simple
method for fabrication high performance self-powered
CsPbBr;/Cul photodetector with the rise time and the decay
time are 20 ps and 1.85 ms. This response time is significantly
faster than those reported on CsPbBr;-based PD.**

To further explore the response characteristics of the two Se/
CsPbBr; composites devices, their binary response is examined
at different bias voltages at a wavelength of 450 nm light illu-
mination. Different bias (—0.1 Vand 0.1V, —0.9 Vand 0.9 V) are
applied according to their open-circuit voltages (Fig. 3¢ and d).
Interestingly, As depicted in Fig. 5a and b, the Se/CsPbBr;/1 and
the Se/CsPbBr;/2 PDs all show that the dark currents are higher
than the photocurrents under —0.1 V and —0.9 V, respectively,
whereas the dark currents are lower than photocurrents under
0.1 V and 0.9 V. The I-¢ curve under negative and positive bias
all reveal that on/off switching is repeatable and stable. This
kind of the positive and negative response inversion is called
binary response, which can meet many practical needs, such as
optical communications, machine vision etc.*" This interesting
result provides an additional pathway to design self-powered
PDs with binary response.

Fig. 5 further reveals the photoelectric properties of Se/
CsPbBr; composite PDs with different structures. The spectral

33784 | RSC Adv, 2022, 12, 33780-33788

responsivity (R;) and detectivity (D*) are 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
Iph — 1y
pPs
where Iy, is the photocurrent, I is the dark current, P, is light
power density and S is the effective area under irradiation, 4 is
the exciting wavelength and e is the electronic charge. The
detectivity (typically quoted in Jones) reflects the ability to detect
weak signals from the noise environment. Considering the
major contributor of background noise is the shot noise from
the dark current, the detectivity can be expressed as:
R

D* = W The responsivities of Se/CsPbBrs;/1 and Se/
2ely

CsPbBr;/2 PDs at 0 V are shown in Fig. 5c. The detected spectral
response ranges from 700 to 300 nm. The responsivities for the
two different devices with equivalent intensities are around 2
mA W™ '. However, Fig. 5c clearly shows that the two devices
have opposite photoresponse trends within the spectrum from
600 to 500 nm. The responsivity of Se/CsPbBr;/1 PD shows
obvious declines from 600 nm to 550 nm. By contrary, the
responsivity of Se/CsPbBr;/2 PD remarkably ascends to the
value of 2.2 mA W™, especially near 550 nm. Furthermore, as
shown in Fig. 5d, the detectivities of the two devices at 0 V share
the similar variation trend. The markedly distinction around
550 nm light illumination in response spectra is probably
related to absorption cut-off of CsPbBr; when considering its
bandgap of 2.3 eV. Moreover, it can be deduced that Se plays
a significant role in the broadband photoresponse. Fang et al.

calculated according to the following equation: R; =

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

|-t curves of (a) the Se/CsPbBr3/1(0.1V and —0.1V) and (b) the Se/CsPbBr3/2 (0.9 V and —0.9 V) PDs with periodic on/off switching upon

450 nm light illumination. The spectral responsivity (c) and the detectivity (d) of the Se/CsPbBrs/1 and the Se/CsPbBrs/2 PDs as a function of

wavelength under a O V bias separately.

has proposed a simple method for fabrication high perfor-
mance self-powered CsPbBr;-based photodetector. Hetero-
junction has been formed between p-Cul and n-CsPbBr;
through a simple immersion process. The CsPbBr;/Cul device
shows excellent self-powered characteristics, including
responsivity (1.4 mA W', 0 V). Wang's group has demon-
strated a high-performance self-powered CsPbBr; perovskite
photodetector based on an all-inorganic structure. The con-
structed CsPbBr;-based devices show high performance with
the responsivity of 0.3 AW ™" at zero bias.*® These results mean
that the Se/CsPbBr; photodetectors show relatively sensitive
photoresponse which was in a comparable range with CsPbBr;-
based photodetector. And the Se/CsPbBr; devices exhibit
tunable self-powered broadband light response from UV to
visible light range.

For CsPbBr;, the positions of the conduction band
minimum (CBM) and valence band maximum (VBM) respec-
tively are located at —3.6 eV and —5.9 eV relative to the vacuum
energy level (0 eV) and the corresponding band gaps are
2.3 €V.*** Also, for Se with a bandgap of 1.7 eV, the CBM and
VBM positions are relatively at —3.2 eV and —4.9 eV.*** Thus,
the band alignment of the Se and CsPbBr; is displayed in
Fig. 6a. To gain more insight into the mechanism of the self-
powered Se/CsPbBr; PDs, the built-in electric field formed at
the interface between p-Se and CsPbBr; and the energy band
diagram of the Se/CsPbBr; heterojunction is sketchily plotted in

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 6b. The simplified structures of the two devices are illus-
trated in Fig. 6¢c and d. For the self-powered features of the two
devices, the heterojunction is formed between the p-type Se wire
and n-type CsPbBr; particles interface. As shown in Fig. 6b,
under light illumination, photo-generated electrons and holes
will be quickly separated by the built-in electric field. The
transfer of electron and holes will empower the PD to work
without external bias. Due to the excellent intrinsic physical
properties of Se and CsPbBr;, both the two structures of Se/
CsPbBr; heterojunction have high photocurrents (in nA), fast
response speed and large on/off ratio under the bias of 0 V.
Furthermore, both the two devices display broadband response
from UV to visible light range because of the narrow bandgap of
Se. Therefore, the Se wire is the primary carrier transport
channel, and the build-in electric field provides the driving
force. The Se/CsPbBrs;/2 is a typical type-II heterojunction,
which brings about a stronger built-in electric field and then
achieving a larger open-circuit voltage (0.9 V), promoting more
electron-hole pairs separation under light irradiation. The open
circuit voltage increases logarithmically with the increase of the
incident light intensity,>® but its maximum value does not
exceed the built-in voltage. The inhomogeneous distribution of
CsPbBr; particles on the surface of Se wire produces a smaller
open-circuit voltage of 0.1 V for the Se/CsPbBr;/1 device. For the
responsivities of the devices, CsPbBr; is excited under around
550 nm (the PL profiles of CsPbBr; particle is shown in Fig. S17),
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(a) The band alignment of the Se and CsPbBrs. (b) The energy band diagram of the Se/CsPbBrs heterojunction. Simplified schematic

diagram of the Se/CsPbBrs/1 structure (c) and the Se/CsPbBrs/2 structure (d).

the holes of Se wire mainly contribute to the photocurrent
which will be weakened by the depletion region, thus the
responsivities of the Se/CsPbBr;/1 PD have a valley at about
550 nm. The Se/CsPbBr;/1 device can be considered as a parallel
circuit between Se and CsPbBr;, and the Se/CsPbBr;/2 device is
similar to a series circuit between Se and CsPbBr;. In addition
to working at zero bias, the theoretical equivalent circuit
promises the device working at different biases to achieve
multifunction operation, as observed the binary response in
Fig. 5. For the Se/CsPbBrz/2 device, the dark current is at
a relatively high level at the bias of —0.9 V while the photocur-
rent goes down to the lowest point. This phenomenon provides
an additional pathway to remove the negative effect of the noise
signal and might fulfill the demand of weak-signal detection.?”

3. Conclusion

In summary, ultralong Se wires have been synthesized via
chemical vapor deposition, and the PDs based on single Se wire
and CsPbBr; particles with different heterostructures have been
developed. For Se/CsPbBrs;/1 PDs, CsPbBr; particles are deco-
rated on the surface of the Se wire, while for Se/CsPbBr;/2 het-
erojunction, it covers only half of the Se wire. Due to the built-in
field formed between Se and CsPbBrj, both devices present self-
powered, broad spectrum response (UV-visible), fast response
speed (a rise time approaching ps magnitude), as well as the
interesting binary response. The different device architectures
yield different built-in electric field distributions. A stronger
built-in electric field is confirmed from the significantly larger
open-circuit voltage of 0.9 V for Se/CsPbBr;/2 PDs compared to
0.1 V for Se/CsPbBr;/2 PDs. Moreover, the responsivity and

33786 | RSC Adv, 2022, 12, 33780-33788

detectivity of Se/CsPbBr;/2 device show a quick rise at around
550 nm, whereas the Se/CsPbBr;/1 device present a valley at
around 550 nm. These results demonstrate that the PD perfor-
mance is closely dependent on the distribution of the built-in
electric field within the heterostructures, which provides guid-
ance for designing tunable, self-powered PDs for practical
applications.

4. Experiment section
4.1 Synthesis of Se wires

Se wires were synthetized in a horizontal tube furnace via typical
vapor deposition method. Se source (>99.95%, Aladdin) was in
the center of the furnace and silicon wafer was placed down-
stream from Se source vertically. Before heating, nitrogen (N,
>99.999%) was flushed at rate of 300 standard cubic center
meter (sccm) for about 30 min to remove the remaining air.
Subsequently, the tube furnace was quickly heated to 300 °C
and was maintained for 10 hours under the protective gas of
nitrogen. The temperature of the silicon wafer was about 150 °C
during the transport and growth process. Then the tube furnace
naturally cooled down to room temperature and a lot of Se wires
are achieved. The length of the Se wires reaches centimeter
scale, and these wires can be easily transferred and fabricated
into devices.

4.2 Fabrication of Se/CsPbBr; heterojunctions

All the chemicals were purchased from Aladdin. To prepare
CsPbBr; solution, 0.45 M CsBr (99.9%) and 0.45 M PbBr,
(99.999%) were dissolved in dimethyl sulfoxide (DMSO, 99.9%)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution. The solution was stirred on a hot plate until it was
completely dissolved and further filtered by using a syringe
filter (0.22 pm). Single Se wire was transferred to the glass
substrate. The Se/CsPbBr;/1 structure was formed by dropping
the CsPbBr; solution onto the whole Se wire which was placed
on a glass substrate. To obtain the Se/CsPbBr;/2 structure, the
CsPbBr; solution was dropped onto half of the Se wire which
was placed on two separated glass substrate. Then these Se/
CsPbBr; composites were heated it up to 60 °C for 30 min in
ambient conditions. For both devices, two small pieces of
indium pastes were doctoral-bladed onto the composites as
electrodes to construct PDs. Our devices were both prepared
based on Se wires. Consequently, the area of the device is
roughly estimated to be 2.40 x 10~% m”> according to the size of
the Se wire (12 um x 2 mm).

4.3 Material characterization

A Field-Emission Scanning Electron Microscopy (FE-SEM, Zeiss
Sigma) were used to characterize sample morphologies. X-ray
diffraction (XRD) patterns were collected on a Bruker D8-A25
diffractometer using Cu Ka. radiation (A = 1.5405 A) in the 26
range from 10° to 80°. X-ray photoelectron spectroscopy (XPS,
PerkinElmer PHI 5000C ESCA system equipped with a hemi-
spherical electron energy analyzer) was experimentally utilized
to investigate the composition and chemical state of the
samples. The binding energy for C 1s peak at 285 eV was used as
the reference for calibration. The photoelectric performance
was characterized with a program-controlled semiconductor
characterization system (Keithley 4200, USA). Time resolved
responses of the device were measured with YAG:Nd laser with
pulse duration of 3-5 ns (Continuum Electro-Optics, MINILITE
11, 355 nm), oscilloscope (Tektronix MSO/DPO5000), and a 1 GQ
resistor. The light intensity was measured with a NOVA II power
meter (OPHIR Photonics). The intensity of the light source used
is related to the wavelength, and the corresponding wavelength
will be used to calculate the responsivity, and the light intensity
as shown in the Fig. S2.1 All the measurements were performed
at the room temperature.
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