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Biy O, Se thin film could be one of the promising material candidates for the next-generation electronic and optoelec-
tronic applications. However, the performance of Bi; O, Se thin film-based device is not fully explored in the photodetecting
area. Considering the fact that the electrical properties such as carrier mobility, work function, and energy band structure
of Bi;O;,Se are thickness-dependent, the in-plane BipO,Se homojunctions consisting of layers with different thicknesses
are successfully synthesized by the chemical vapor deposition (CVD) method across the terraces on the mica substrates,
where terraces are created in the mica surface layer peeling off process. In this way, effective internal electrical fields are
built up along the Bi»O,Se homojunctions, exhibiting diode-like rectification behavior with an on/off ratio of 102, what is
more, thus obtained photodetectors possess highly sensitive and ultrafast features, with a maximum photoresponsivity of
2.5 A/W and a lifetime of 4.8 us. Comparing with the Bi; O, Se uniform thin films, the photo-electric conversion efficiency

is greatly improved for the in-plane homojunctions.

Keywords: Bi,O,Se, in-plane homojunction, thickness modulation, photodetectors
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1. Introduction

Two-dimensional (2D) layered materials with the verti-
cal dimension limited in several atomic layers have aroused
intense research interest in the next-generation electronic and
optoelectronic applications.!!#! Quantum confinement effects
accompanied with the thickness shrinking lead to various
unique material features including novel intrinsic physics and
versatile application functionalities.>-%! A series of functional
2D materials have been used as the transparent electrodes,!”!
dielectric layers,[®! light absorbing layers,” and phototran-
sistor channel materials,['”! playing a key role in the photo-
detecting areas with different device architectures.

Furthermore, the vertical heterostructures based on the
layer-by-layer transfer of 2D materials are attractive for re-
alizing efficient charge transfer interfaces with the vertical
electrical fields building up, which significantly improves the
photo-induced electron-hole pair separation and collection
processes, in this way, the overall device quantum efficiency
was increased.!! 1?1 However, the transfer procedures for the
vertical 2D heterostructures are complicated and the use of
organic adhesive polymers to assist the 2D materials stack-
ing are inevitable, which causes the device performance to be
deteriorated by residual contamination. To avoid these prob-
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lems, 2D in-plane junctions (IPJs) have been developed, ex-
hibiting promising prospects for fundamental researches and
device explorations.

IPJs are generally formed by direct lateral overgrowth
along the edges of the existed 2D films.[!*] The advantages
of the IPJ structures, such as atomically sharp in-plane in-
terface, sub-nanometer scale band alignment engineering,!'#!
have been increasingly received attentions and further pro-
moted the innovations of the IPJ fabrication technique. Specif-
ically, the in-plane 1T/2H phase modulating under the gate
voltage in the thin MoS, films created efficient Schottky
junctions, ! the selective chemical doping of MoS, flakes
fulfilled in-plane p—n junctions for the diodes fabrication, ']
what is more, alternate electric doping of WSe, layers pro-
motes the lateral homojunction formation to construct sensi-
tive photodetectors.!!”! These efforts have enriched the devel-
opment of various IPJ structures, displaying great potentials
for the future device applications.

In this work, the Bi,O,Se homogeneous IPJs consist-
ing of two or more junctions with different layer thicknesses
are reported, which then are adopted in the high-performance
photodetectors with the metal/semiconductor/metal architec-
ture. The BiyO,Se thin film is synthesized on fluorophlogo-
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pite mica (“f-mica” for abbreviation) substrate for the first
time by Peng et al. through the chemical vapor deposition
(CVD) method, '8! exhibiting outstanding electrical and opto-

U9 parrow

electrical properties such as high carrier mobility,
bandgap,?°! and ultrafast photo-response speed.[>! However,
the device performance of the photodetectors based on the
Biy O, Se thin films is not fully explored. Especially, the device
response speed is on the millisecond order!*?! or several hun-

23

dred microseconds, 23] which is much slower than the intrinsic

picosecond scaled opto-electric process at the Bi,O,Se/metal

(211 The realization of Bi;O,Se homogeneous IPJs

interface.
effectively builds up an internal lateral electric field at the
IPJ interface due to the fact that the energy band structure
of Biy0,Se film is thickness-dependent,!'®! which improves
the photo-induced electron—hole pair dissociation efficiency.
As a result, the response time of the photodetectors based
on the Bi;O;,Se IPJs is accelerated to 4.8 ps. Besides, the
device photoresponsivity reaches 2.5 A/W and the detectiv-
ity 3.2x108 Jones (1 Jones=1 cm-Hz'/2.-W~!). Here in this
work, the layer thickness modulation in the Bi;O,Se IPJs is
realized across the f-mica steps which are created manually
in the process of repeated peeling off the mica surface layers.
Additionally, the Bi; O, Se films with different thicknesses can
merge together, thereby the Bi;O,Se homojunctions are also
obtained.

2. Experiment

2.1. Growth of Bi,O,Se in-plane homojunctions with dif-
ferent layer thickness

Part of the surface layers on the fluorophlogopite mica
substrates, KMg3(AlSi3010)F,, were peeled away with a
Scotch tape repeatedly. In this way, terraces were formed on
the mica surface with a step height of about several nanome-
ters. The BiyO;Se IPJs with different layer thicknesses lat-
erally were then obtained across the mica steps by the CVD
epitaxial growth. The pre-treated mica substrates were placed
at 10-cm downstream from the heating center where the Bi;O3
powder (purchased from Alfa Aesar, with a purity of 99.99%)
was placed. The BiySes (with 99.999% purity supplied from
Alfa Aesar) flakes were located at 7-cm upstream of BiyOs3.
Nitrogen was used as the carrier gas and the flux was set to be
150 sccm. The pressure in the furnace was kept at 2500 Pa.
The temperature of the furnace center was set to increase from
room temperature (RT, 23 °C) to 580 °C in 30 min and kept
at 580 °C for 60 min, then cooled down to RT naturally. The
thickness and morphology of the as-grown Bi,O,Se IPJs were
characterized with the Park XE7 AFM system.

2.2. Device fabrication and performance characterizations

The Pd/Au film with the thickness of 10 nm and 100 nm
were evaporated sequentially on Si0,/Si substrates, which was

patterned with the copper TEM grids acting as the shadow
masks. The Pd/Au electrodes were then fulfilled on the thin-
ner and thicker Bi;O,Se IPJs layers in a peeling up and placing
down procedure assisted with a probe tip under the optical mi-
croscope. The fabricated Pd/Bi;O,Se/Pd structures were an-
nealed in a CVD quartz tube under a pressure of 8 Pa at 200 °C
with no carrier gas.

The device performance characterizations (the electrical
and optoelectronic measurements) were carried out under the
vacuum condition of 10~3 Torr (1 Torr=1.33322x10? Pa) in
a Lakeshore TTPX probe station at 27 °C (300 K). The de-
vice electrical curves were obtained with the Keysight B1500
SMUs. The photo-response experiments were performed un-
der 640-nm laser illuminating with a 1-cm? laser spot in diam-
eter. The response speed of the Bi;O,Se IPJs was measured
using a data acquisition card (NI PCle-6321).

3. Results and discussion

The pre-treating of the mica substrates is schematically il-
lustrated as shown in Fig. 1(a). The Scotch tape is used as the
adhesive polymer to peel off the mica surface layers. Specifi-
cally, the Scotch tape sticks to the mica surface and is pressed
firmly on one side of the mica, then the mica surface layers
are peeled off slowly along with the scotch tape. In this way,
terraces are created on the mica substrate. The BiO,Se IPJs
then are synthesized through a low pressure chemical vapour
deposition technique (LPCVD) similar to that in the previous

18191 which is depicted in Fig. 1(b). Across the mica

reports,[
terraces, a BioO;Se film is constructed by two parts with dif-
ferent thickness as shown in Fig. 1(c). The corresponding op-
tical microscopic (OM) images are demonstrated in Fig. 1(g)
and Fig. 2, from which the optical contrast for these two layers
across the mica step is distinguishable. Besides, the Bi;O,Se
layer on the lower mica terrace is thicker than on the higher
mica terrace, which will be characterized in the following
AFM results. The boundaries of mica terraces are difficult
to observe under OM images because mica is highly transpar-
ent. However, the absorbance of Bi;O,Se in the visible spec-
trum is much stronger and it can be easily distinguished for the
Biy O, Se layers with different thicknesses.

What needs mentioning is that the Bi;O,Se IPJs can be
formed by more than two junctions as indicated in Fig. 1(h) in
alaminating growth mode. What is more, an alternative way to
form Bi,O,Se IPJs is discovered with the neighboring (about
10 um-20 pm distance) Bi;O;,Se films merging together; the
differences in size and orientation among these films lead to
various growth speeds and the Bi,O,Se IPJs also consisting
of layers with different thickness. The detailed IPJ formation
process under this mode is illustrated in Figs. 1(d)-1(f), and
the OM image of the growth results is shown in Fig. 1(i).
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Fig. 1. (a)—(c) Schematic illustration of Bi»O,Se homogeneous in-plane junction fabrication process with the mica substrate pre-treating,
(d)—(f) Bi;O;Se in-plane junction formed by near-distance nucleation sites merging together, (g) optical microscopic image of Bi,O,Se IPJ
constructed by two layers with different thicknesses, (h) Bi;O,Se IPJ consisting four layers, (i) BioO,Se IPJ formed by neighboring film
merging together, where red dash lines represent the parallel crystal edges of thick Bi;O,Se film. All scale bars are 20 pm.

Fig. 2. The optical microscopic images of as-synthesized Bi;O,Se IPJs
across mica steps showing ((a), (b)) three Bi;O,Se films affected by the
same mica layer edge obviously.

With the fabricated BipO,Se IPJs, atomic force mi-
croscopy (AFM) analysis is performed to characterize the
thickness information and the film morphologies. Figure 3(a)
shows the OM image of a Bi;O,Se IPJ from which it is obvi-
ously seen that the BiO,Se square film is separated into two
parts with different thicknesses along the film diagonal line.
Figure 3(b) displays a corresponding AFM image of the region
enclosed by the yellow square box in Fig. 3(a). From Fig. 3(b),
it is clearly observed that the surface of the Bi;O,Se IP]J is flat.
Meanwhile, there exists a mica step across the Bi;O,Se diag-
onal dividing line along the light-yellow dash line in Fig. 3(b),
which, though, is difficult to observe from the OM image in
Fig. 3(a), and the height information of the mica step is indi-
cated in the lower part of Fig. 3(d). For a better demonstration,
the AFM results are reconstructed with a 3D view in Fig. 3(c),

in which the BiyO,Se film is yellow-colored, while mica ter-
races separated by the step are highlighted by dark green and
dark blue color. Figure 3(d) includes the height information
along the yellow dash lines in Fig. 3(b), with which we could
tell that the height of the thin and thick Bi,O;Se layers that
construct the IPJ are 5 nm and 7.1 nm individually along the
dark yellow dash line, besides, the mica step is 2.1-nm high
along the light-yellow dash line. It is reasonable to assume
that the Bi»O,Se nucleation and laminating growth are both
energetically favorable at the adjacent mica steps, then IPJ
growth can be initiated at the lower mica terrace. The surface
of the Bi;O,Se IP] is flat, owing to the fact that extremely low
mica step (~ 2 nm) can hardly affect the Bi;O,Se IPJ lateral
growth across the mica step, though a higher mica step (7 nm,
as shown in the blue square encircled part of Fig. 4(a)) leads
to a small step (0.7 nm) in the Bi,O,Se IPJ along the white
dash line in Fig. 4(e). The AFM results in Fig. 3 reflect a fact
that the Bi,O,Se IPJs possess good crystal quality without lat-
tice mismatch or dislocation defects that may block the carrier
transport at the IPJ interface.

What is more, another case for the Bi,O,Se IPJs for-
mation is that the nearby Bi,O,Se films are merged together.
There exists obvious difference in optical contrast in the OM
image of Fig. 3(e), which represents the apparent thickness
difference in the BioO,Se IPJ. The thickness information is
also included in the AFM results (see Figs. 3(f) and 3(g)).
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Fig. 3. (a) The OM image of a BiO,Se IPJ; (b) the AFM image of the region outlined by yellow square in panel (a); (c) the reconstructed
AFM 3D image of panel (b); (d) the height profile along two yellow dash lines in panel (b); (¢) the OM image of Bi;O,Se IPJ formed by two
layers merging; (f) the AFM image of the region enclosed by red square in panel (e); (g) the height profile along red dash lines in panel (f).
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Fig. 4. (a) The OM image of as-fabricated device with 3-layered Bi,O,Se IPJ; (b) and (c) the AFM images of region outlined by yellow square

and purple square in panel (a) respectively; (d) and (e) Height profiles along the two dash lines in panels (b) and (c); (f) and (g) the output
characteristic curve of device in panel (a) with both linear and logarithmic coordinates. Inset of panel (f) shows schematic device structure.
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From the AFM results, the surface of the Bi,O,;Se IPJ
under the laminating growth is continuous without disloca-
tions, then it is believed that the corresponding optoelectronic
performance is desirable owing to the fact that the effec-
tive in-plane electrical field is built up at the IPJ interface.
Based on the BiyO,Se IPJs with three junctions of different
thicknesses, efficient photodetectors are fabricated with Pd/Au
(10 nm/100 nm) serving as the electrodes. The device OM im-
age is shown in Fig. 4(a). The devices are annealed at 200 °C
in a vacuum condition to improve the metal/semiconductor
contact quality and remove absorbed oxygen and water. It fol-
lows from the AFM results in Figs. 4(b) and 4(c) that the mica
steps are distinguishable, and the thickness of the Bi;O,Se lay-
ers in the IPJs can be measured along the yellow dash lines and
purple dash lines in Figs. 4(d) and 4(e), which are 14.4 nm,
8.1 nm, and 5.8 nm respectively. Correspondingly, the mica
step between the thinnest Bi;O,Se layer and the middle layer
is 2.3 nm, while the mica step between the thickest layer and
the middle layer is 7 nm. A monolayer Bi,O;Se step of 0.7 nm
is found from the lower part of Fig. 4(e), owing to the fact
that the lattice parameter of Bi;O,Se along the [001] direction
is 0.61 nm.[2% In Ref. [18], the Bi,O,Se monolayer (ML) is
measured to be 0.8 nm. The monolayer thickness difference
from the TEM 2! and the AFM results probably comes from
the influences of substrates and the surface adsorbates. The
device structure is depicted in the inset of Fig. 4(f), and the
electrode on the thin Bi;O,Se layer of the IPJ is grounded for
all the device measurements unless otherwise stated. The out-

put characteristics of the device in linear and logarithmic coor-
dinates are shown in Figs. 4(f) and 4(g), from which the diode-
like current rectification behavior with a reverse/forward cur-
rent ratio of 10? is demonstrated.

The photoresponse performance of the photodetector
based on BioO;,Se IPJ is characterized as shown in Fig. 5. The
output curves of the device in dark and under 640-nm laser
illuminating conditions are shown in Fig. 5(a). As the laser
power intensity P increases from 1 mW/cm? to 5 mW/cm?,
the photocurrent (fy) is improved accordingly. At a forward
bias voltage of —1 V, the on/off ratio between the I, at 5 mW,
and the dark current is 30. Besides, at a reverse bias voltage
of 1V, the on/off ratio is about 2x 103 that is obtained from
the comparison between the I, of 96 nA and the dark cur-
rent of 46 pA. The larger on/off ratio at the reverse state of
the diode is attributed to the extended internal electric field
at the Bi;O;Se in-plane junctions. The relation between the
Ipn and P is shown in Fig. 5(b) and it could be well fitted
with I, = AP%, where A and « are fitting parameters: A is
0.026 and « is 0.99. The near unity ¢ implies the almost
linear dependence of I, on incident laser power, reflecting
that trap centers or defects are well controlled in the Bi,O,Se
IPJs.[>*! From Fig. 5(b), the photoresponsivity R defined as
Iph /P is 2.5 A/W at 5 mW/cm?, while the detectivity D* is
3.2 x 108 Jones from D* = RS'/? (2eldark)1/2, where S is the
device area, e is the element charge, and Iq, is the dark cur-

rent at 1 V bias voltage.
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Fig. 5. (a) Output characteristics of BiO,Se IPJ in Fig. 4, demonstrating the electrical states under dark condition and 640-nm laser illumination from
1 mW/cm? to 5 mW/cm?, and output curves are in logarithmic coordinates, (b) photocurrent versus light power density with voltage bias of 1V, (c) time-
dependent device current with 640-nm laser on/off incident modulation and voltage of 1 V, (d) and (e) single exponential fitting of dynamic response of
photocurrent for (d) rise and () decay edges, with Tyjse and Tgecay being 2.5 ps and 4.8 s, respectively.
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Fig. 6. (a) Output characteristic of the device based on Bi;O,Se uniform thin film, exhibiting Ohmic contact with the Pd/Au electrodes. Inset shows device

OM image with scale bar of 20 um, (b) time-sampling results of the device under laser on/off conditions, and (c) single exponential fitting of the decay edge

with lifetime of 25 ms.

With the charge transfer states effectively formed at the
IPJ interfaces between the Bi, O, Se layers with different thick-
ness, the device response speed can be significantly acceler-
ated, owing to the fact that the carrier transport routes are im-
proved from the aspects of the light induced electron—hole pair
separation, carrier drifting along the electrical fields within the
IPJ, and the carrier collection by the electrodes. The Bi,O,Se
IPJ photoresponse speed is measured under the 640-nm laser
on-off modulation as indicated in Fig. 5(c). From an enlarged
single I, “pulse”, the rising and decay edges are fitted with
single exponential functions,!”>! and the lifetime is extracted
to be Tise Of 2.5 ps and Tgecay Of 4.8 ps as shown respectively
in Figs. 5(d) and 5(e), these values are increased by more than
two orders compared with the previously published results of
the photodetectors based on the Bi»O,Se thin films.?>?3! Yin
et al. measured the photocarrier relaxation time at the metal-
Bi,0,Se interface with the pump-probe technic.>!! However,
there exists a large gap between the intrinsic response time
at the metal-BipO,Se junction and the actual response speed
of a device, which is prone to being influenced by impurities
formed within the film and at the substrate/film interface act-
ing as deep-level charge traps that will apparently reduce the
device response speed by indirect electron-hole pair recombi-
nation process.

To further verify the improvement in photodetecting per-
formance of the BiO,Se IPJ structures, reference devices
based on the Bi;O,Se thin films with uniform layer thickness
were fabricated also with Pd/Au as the electrodes. The de-
vice electrical performance is shown in Fig. 6(a) and the de-
vice OM image is displayed in the inset. The output curve of
the reference device is linear and has no rectification feature,
which indicates the Ohmic-type metal/semiconductor contacts
and no in-plane carrier transport barriers (or specifically, there
exists no internal electric field) inside the uniform Bi,O,Se
layer. The device photoresponse is unsatisfied with R being
0.93 A/W in Fig. 6(b) and the response time is 25 ms from
Fig. 6(c), which is much slower than the response time of

the BipO,Se IPJ based photodetectors. The response time of

MoS; p—n junction was 100 ms—200 ms, 2! MoS, and black
phosphorus heterojunction was 70 us,!?”] graphene in-plane
homojunction was dominated by photo-thermoelectric effect,
and the device response time was not considered. > Compared
these research results, the device response speed is greatly ac-
celerated in Bi;O,Se homojunctions. Although the photore-
sponsivity is small in the absence of electrical gating effect
in our work, it is believed that top-gated devices will exhibit
higher photoresponsivity.

4. Conclusions

The Bi,O;Se in-plane junctions are successfully synthe-
sized across the mica steps created by peeling off the mica sur-
face layer. The BipO,Se IPJs are constructed by layers with
different thickness, and the surface of which is flat and con-
tinuous, showing high crystal quality and laminating growth
mode. Photodetectors fabricated based on the Bi;O,Se IPJs
exhibit diode-like current rectification behavior and excel-
lent photoresponse performance. Comparing with the devices
based on the uniform Bi,O,Se thin films, the opto-electric
conversion efficiency is improved, and the response speed is
accelerated, which are attributed to the effective internal elec-
trical field built up at the Bi;O;,Se in-plane junction interface.
We believe that the thickness modulating on the mica sub-
strate can be applied to more 2D materials for realizing high-
performance optoelectronic devices.
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