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Xiaolong Liu,a Ruiping Li,b Chengyun Hong,a Gangfeng Huang,a Danfeng Pan,*c

Zhenhua Ni,d Yongqing Huang,e Xiaomin Ren,e Yingchun Cheng *b and
Wei Huangb,f

As one of the bismuth-based oxychalcogenide materials, Bi2O2Se ultrathin films have received intense

research interest due to their high carrier mobility, narrow bandgaps, ultrafast intrinsic photoresponse and

long-term ambient stability; they exhibit great potential in electronic and optoelectronic applications.

However, the device performance of photodetectors based on metal/Bi2O2Se/metal structures has

degraded due to the undesirable defects or contaminants from the electrode deposition or the sample

transfer processes. In this work, highly efficient photodetectors based on Au/Bi2O2Se junctions were

achieved with Au electrodes transferred under the assistance of a probe tip to avoid contaminants from

traditional lighography methods. Furthermore, to improve the charge transfer efficiency, specifically by

increasing the intensity of the electrical field at the Au/Bi2O2Se interface and along the Bi2O2Se channels,

the device annealing temperature was optimized to narrow the van der Waals gap at the Au/Bi2O2Se

interface and the device channel length was shortened to improve the overall device performance.

Among all the devices, the maximum device photoresponsivity was 9.1 A W−1, and the device response

time could approach 36 μs; moreover, the photodetectors featured broadband spectral responses from

360 nm to 1090 nm.

1 Introduction

Metal/semiconductor/metal (MSM) structures are important in
the areas of electronics,1 optoelectronics,2 spintronics,3 gas
sensors,4 etc. In these applications, the metal/semiconductor
interfaces play important roles, together with the selection of

the metal/semiconductor material to tailor the device func-
tions. With the rapid development of the ultrathin material
“armory” (with thicknesses down to atomic layer), research on
MSM structures has greatly broadened. Among these, Pd/gra-
phene/Ti,5 Au/MoS2,

6 gate-tunable Co/black phosphorus,7 Cr/
Bi2Se3

8 and numerous other MSM architectures have been
explored for application in 1.55 μm optical communications,
LEDs, spin valves, infrared photodetectors, etc. Photodetectors
containing graphene as electrode contacts can be highly
efficient due to their atomically flat interfaces with 2D
materials and decreased trapping states to avoid Fermi level
pinning effects.9,10 Additionally, the device performance can
be modulated with electrical gating on the graphene
electrodes,11,12 demonstrating versatile device functions.13

High carrier mobility-endowed ultrathin materials maybe
useful in high-demand electronics,14,15 while materials with
favorable energy bandgaps can be considered in optoelectronic
applications.16,17 Satisfying these prerequisites, ultrathin
Bi2O2Se films are emerging as new Bi-based oxychalcogenide
materials18 that exhibit high carrier mobility due to their small
electron effective masses, air-stable features, sub-1 μm band-
gaps,19 and defect-tolerant energy band structures.20,21 With
these outstanding intrinsic physical characteristics, Bi2O2Se
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ultrathin films are desirable material choices for MSM struc-
tured opto-electronics, together with graphene, transition
metal dichalcogenides (TMDs), black phosphorus, etc.

For photodetection applications, although the intrinsic
photo-response times at the metal/Bi2O2Se junction are in the
order of picoseconds,22 the device response speeds of the as-
fabricated photodetectors on mica are about a millisecond,23

while those of the photodetectors fabricated on SiO2/Si sub-
strates are several hundred μs.24 From this point of view, the
bandwidth of metal/Bi2O2Se structures is far from well
explored, prohibiting further application of Bi2O2Se-based
photodetectors. In planar MSM structures, the limited device
bandwidth is mainly attributed to inefficient photo-induced
carrier separation and collection routes or the accumulation of
defects or trapping states at the metal/semiconductor interface
during the electrode deposition process,25 which are inevitable
in traditional lithography techniques (ultraviolet lithography
or electron beam lithography). The disadvantages of the device
fabrication process represent an overwhelming problem for
photoelectronic devices based on ultrathin materials because
the quality of the interfaces between the metals, semi-
conductors and substrates can apparently affect the device
performance.

Specifically, the bombardment of the metal elements
during deposition procedures causes glassy morphologies or
physical damage to the active layers. As a result, intrinsic
Schottky-type contact formation is prohibited, i.e., the Fermi
level pinning effect prevails at the metal/semiconductor
interfaces.26–28 Consequently, modulation of the energy band
alignment in MSM structures by empirically adopting metals
with different work functions is prone to frustration. To solve
these problems, novel electrode fabrication techniques have
been explored, and two-dimensional metallic materials were
investigated to form van der Waals-type metal–semiconductor
contacts. Among these, adhesive polymer-assisted electrode
transfer was achieved to approach the Schottky–Mott limit
with the metal selection, adjusting n- or p-typed efficient
carrier transport in MoS2 field effect transistors (FETs).25 The
graphene electrodes transferred on the two-layer-thick organic
FETs effectively lowered the contact resistance.29 Innovatively,
an ultralow contact resistance, 0.5 kΩ µm, was obtained for
the epitaxial lateral metal–semiconductor heterostructures of
VS2/MoS2.

30

In this work, in-plane Au/Bi2O2Se/Au MSM structures were
fabricated on fluorophlogopite mica (abbreviated as f-mica)
substrates to form metal/semiconductor contacts. The elec-
trode fabrication process was achieved with a probe tip under
an optical microscope to transfer the as-deposited pre-
patterned Au electrodes onto the Bi2O2Se films. Additionally,
the 2D material transfer process generally introduces unfavor-
able gas bubbles or oxygen–water adhesives at the
semiconductor/substrate interfaces.31 Bi2O2Se thin films are
transferred onto SiO2/Si substrates by polymer-assisted peeling
of the samples followed by the dissolution of the residual glue,
which maybe the reason for the decreased device speed.24

Herein, freshly cleaved f-mica flakes were used as substrates

for Bi2O2Se thin film growth; although the electrical gating-
associated photo-induced carrier multiplication was sacrificed,
the additional traps during the sample transfer process were
avoided. In this way, the interfaces at the Au/Bi2O2Se and
Bi2O2Se/substrate were pristine, without contaminants or
damages from the traditional electrode deposition and film
transfer processes. Highly efficient photodetectors were then
fabricated; with the optimized annealing temperature and
channel length, the maximum photo-responsivity was
9.1 A W−1, the device response speed could be as fast as 36 μs,
and broadband spectral response was demonstrated from the
ultraviolet to near infrared region.

2 Results and discussion
2.1 Au/Bi2O2Se/auphotodetectors

The growth of the Bi2O2Se thin films was carried out in a
home-built quartz tube furnace using Bi2O3 and Bi2Se3 as the
precursor powders and freshly cleaved f-mica as the growth
substrate placed downstream in N2 as the carrier gas (as illus-
trated in Fig. 1a). The as-grown Bi2O2Se thin films exhibited
square morphologies in the optical microscopy images in
Fig. 1b, which is the prevailing appearance at relatively high
growth temperatures.18,23 The Bi2O2Se films follow the I4/mmm
group symmetry, with [Bi2O2]

2+ and Se2− layers repeated alter-
natively with weak electrostatic intra-layer interactions.20,21

The crystal structure of the Bi2O2Se film is schematically illus-
trated in Fig. S1.† Furthermore, Raman characterization was
performed on the Bi2O2Se samples, in which the typical
A1g peak at around 161 cm−1 of the Bi2O2Se on f-mica can be
observed.32

Based on the as-grown Bi2O2Se thin films, the Au/Bi2O2Se/
Au MSM structures were fabricated by transferring the Au elec-
trodes from the SiO2/Si substrates onto the Bi2O2Se films with
the assistance of a probe tip, as depicted in the schematic in
Fig. 1d. In this way, the interfaces between the Au electrodes
and the Bi2O2Se films were pristine, and contaminants or
defects from the traditional lithography-assisted electrode fab-
rication processes were avoided. The AFM images in Fig. S2†
further prove that the electrical conducting channels of
Bi2O2Se were clean from lithographic organic residues.

However, the intrinsic electrical transporting behavior in
the Au/Bi2O2Se/Au MSM structures was unsatisfactory. As
shown in Fig. S3,† the current was at the pA scale and unfavor-
able electrical noise was observed in the output curves; this can
be attributed to the large van der Waals gap between the Au
electrodes and Bi2O2Se, resulting in poor metal/semiconductor
contacts.26,33 Additionally, the photoresponsivity R, defined as
Iph/P, was 0.6 A W−1, where Iph is the photocurrent and P is the
incident laser power on the Bi2O2Se light absorbing area.

To achieve better metal/semiconductor contacts, the Au/
Bi2O2Se/Au devices were annealed in vacuum conditions at an
optimized temperature of 120 °C to eliminate adhesive water/
oxygen at the MSM interfaces; this can narrow the van der
Waals gap through closer metal/semiconductor contacts. As a
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result, both the electrical and optoelectronic properties of the
devices were effectively improved (which will be described in
detail in the following sections). It should be mentioned that
the Au electrodes could still be peeled up without damaging
the Bi2O2Se films, as shown in the optical image in Fig. S2b;†
also, from the AFM characterizations in Fig. S2h,† the regions
under the Au electrodes remained contaminant-free. A similar
phenomenon was reported in a polymer-assisted electrode
transfer process on MoS2 films.25

2.2 Device performance

The photocurrent mapping of the annealed devices was per-
formed under a 50× objective lens with 640 nm laser illumina-
tion; the laser spot was about 1 μm, and the voltage bias was
firstly set as 0 V. The electrodes were marked as “source” and
“drain” for convenience. From the mapping results in Fig. 1e,
the areas near the metal/Bi2O2Se contact edges were the most
effective photo-electric conversion regions with the largest
photocurrents. However, some of the Au electrodes also exhibi-
ted photo-response, which can be explained by the fact that
the laser spot covered both the electrodes and the active
regions. An optical image of the corresponding device is
shown in the inset of Fig. 1e. Correspondingly, the device
working mechanism is illustrated in the energy band diagrams
in Fig. 1f and g, and the relative location between the energy
band edges of Bi2O2Se and the working function of Au was
obtained from the first principles calculations described in the
ESI.† The n-type Fermi level located in the Bi2O2Se energy

band was confirmed by published work;18 additionally, the
transfer curve of the Bi2O2Se FET based on the Bi2O2Se film
transferred from mica onto the SiO2/Si substrates is demon-
strated in Fig. S4,† indicating the n-type carrier transport. For
convenience, the Bi2O2Se under the Au electrodes is labelled
as region A, while the Bi2O2Se away from the electrodes is
region B. The Fermi level of region A remains the same with
the Au working function; then, a homojunction forms readily
along with the carrier depletion between region A and
B. When the incident light is absorbed, the electron–hole pairs
can be separated under the built-in electrical field along the
Bi2O2Se lateral junctions, followed by collection of the photo-
induced carriers by the Au electrodes, as shown in Fig. 1g.
With the drain electrode grounded, holes drifted under the
electrical field pointing from region B to region A; then, the
sign of the photocurrent was positive near the drain electrode
and negative at the source electrode edge, which is proved in the
photocurrent (abbreviated as Iph) mapping results in Fig. 1e and
further confirmed in Fig. 2 by the non-zero voltage bias. The Iph
mapping with the intensity scale is in Fig. S5† corresponding to
Fig. 1e; besides that, the full-scale optical image and the AFM
characterization of the device are included in Fig. S5.†

Considering that the electrodes were fabricated “manually”,
the symmetry of the electrodes should be explored; this was testi-
fied by the photocurrent mapping results under different voltage
biases. In Fig. 2a, at a small positive voltage bias of 10 mV, the
positive Iph region near the drain electrode expanded, although
the negative Iph region shrank correspondingly.

Fig. 1 The growth of the Bi2O2Se film and the Au/Bi2O2Se/Au structure fabrication. (a) Schematic of the growth of the Bi2O2Se thin films with the
chemical vapor deposition method. (b) Optical microscopic image of the as-grown Bi2O2Se thin films with square morphologies on f-mica. (c) The
Raman characterization of the as-grown Bi2O2Se sample. (d) Schematic of the probe tip-assisted Au electrode fabrication process. (e) The photo-
current mapping of the Au/Bi2O2Se/Au structure on the f-mica substrates; the optical image of the device is in the inset. The scale bar is 5 μm. The
region in blue denotes negative Iph, while orange is positive Iph. The square dash line outlines the Bi2O2Se sample. (f ) The energy band diagram of
the Au/Bi2O2Se heterostructure with the Schottky barrier formed at the interfaces. (g) The energy band diagram of the Au/Bi2O2Se structure under
illumination.
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At a larger positive voltage of 1 V, the above trend was more
obvious, while at a negative voltage of −1 V, the trend was
reversed. Comparing Fig. 2b and c, at the same absolute
voltage bias, the negative effective region was smaller than the
positive region, which can be attributed to the subtle differ-
ence between the two electrodes from the aspects of contact
area, contact quality, electrode edge roughness, etc. The corres-
ponding energy band diagram is drawn in the lower panel of
Fig. 2; it clearly explains the Iph mapping results, where the vol-
tages with different signs can either strengthen or weaken the
electrical fields near different electrodes. The Iph mapping
images with intensity scale are shown in Fig. S6.†

The device performance was further measured under a
640 nm laser with different power densities, as shown in
Fig. 3a. The laser spot was of 1 cm2 to cover the whole active
region in the MSM structures. The light-to-dark current ratio
between the current at 5 mW cm−2 laser power and that in
dark conditions approached 102. The full scale dark current
curve was plotted in both linear and logarithmic coordinates,
as shown in Fig. S7.† In Fig. 3b, the dependence of Iph on the
incident laser power P could be fitted by the relation of Iph =
A × Pα, where A and α are the fitting parameters. Here, A
equals 1, and from the best fitting results, α is 0.94; this is
close to unity and reflects that the photocurrent increased
almost linearly with the incident light, while trapping, recom-
bination and other unfavorable mechanisms were suppressed
in the MSM structures.34,35 The maximum photoresponsivity R
was 1 A W−1 at the laser power of 1 mW cm−2. Furthermore,
the spectral response of the fabricated device could extend
from 360 nm to 1090 nm, as shown in Fig. 3c; the weak
response region from 800 nm is magnified in the inset with
the corresponding Iph ∼ λ curve in Fig. S8.† The peak in the
spectral response curve was at 470 nm, which varied from the
micro-optical results of the Bi2O2Se films at the maximum
absorption of 450 nm;32 this can be attributed to the energy
structure changes caused by the different sample growth con-

ditions.20 The incident light power for the spectral response
measurement was fixed as 0.5 nW at different wavelengths. It
should be mentioned that the thickness of the Bi2O2Se film
for the opto-electric measurements in Fig. 3 was 9.8 nm from
the AFM results in Fig. S5c,† which is about 16 layers consider-
ing that the thickness of the Bi2O2Se monolayer was 6.08 Å;
thus, it could be treated as bulk Bi2O2Se both for the optical
absorption measurements32 and the energy band structure
calculations.20,21 Considering that the Bi2O2Se films have a
bandgap of about 0.8 eV from the angle-resolved photo-
emission spectroscopy results (1553 nm photon absorption,
alternatively),22 the response spectrum could be broadened
even further with the amplified weak Iph signal at longer wave-
lengths employing photo-induced carrier multiplication effects
with electrical gate voltage modulation or by combining the
MSM structures with other light-absorbing materials.36,37

The device response speed is an important opto-electronic
figure of merit for photodetectors; it was characterized with
the device dynamic photocurrent response under on/off
modulation of a laser, as shown in Fig. 3d. From the
enlarged curves, the rising and decay edges of the photo-
current were fitted with the single exponential functions of

Fig. 2 The photocurrent mapping results of the Au/Bi2O2Se/Au photo-
detector and the corresponding energy band structures under different
voltage biases. (a) The photocurrent mapping at Vsd = 0 V. The orange
region denotes positive Iph, while the blue region is negative. The scale
bar is 5 μm. (b) The photocurrent mapping at Vsd = 1 V. The dominant
positive photoresponse takes place near the drain electrode. (c) The
photocurrent mapping at Vsd = −1 V. The dominant negative photo-
response is near the source electrode. (d) The energy band diagrams to
explain the Iph mapping results from (a) to (c).

Fig. 3 Device performance of the Au/Bi2O2Se/Au photodetectors. (a)
The photoresponse increases with the laser power density. (b) The
dependence of Iph on the laser power density. The blue scattered
dots are the experimental results, and the red line is the fitting results
with Iph = P0.94. (c) Spectral response under illumination with different
photon wavelengths; the light power was fitted as 0.5 nW in the light
absorbing region defined by the electrodes. (d) Photocurrent under on/
off modulation of a 640 nm laser. (e) The exponential fitting of the nor-
malized Iph rising edge from the enlarged curve in Fig. S9b;†
the response time is 47.6 μs. (f ) The exponential fitting of the normalized
Iph decay edge from Fig. S9b;† the carrier lifetime is 32.5 μs.

Paper Nanoscale

20710 | Nanoscale, 2019, 11, 20707–20714 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 0
7 

O
ct

ob
er

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

or
on

to
 o

n 
1/

3/
20

20
 1

:0
6:

46
 P

M
. 

View Article Online

https://doi.org/10.1039/c9nr06723j


I = Idark + A exp((t – t0)/τrise) and I = I0 exp((−(t – t0))/τdecay),
respectively, where Idark is the dark current (set as zero), t0 is
the time label when the current begins to grow under light illu-
mination or to decay after turning off the laser, A and I0 are
the fitting parameters (specifically, I0 is the saturated photo-
current), τrise is the Iph rising lifetime, fitted as about 47.6 μs
in Fig. 3e, and τdecay is the trailing (recombination) lifetime of
about 32.5 μs, as shown in Fig. 3f. Although there were spikes
in the rising edges of the Iph time-sampling curve in Fig. 3d,
from the enlarged individual modulated photocurrent curve
demonstrated in Fig. S9,† the rising edge fitting was not influ-
enced. The relatively slower τrise lifetime compared with τdecay
can be explained by the insufficient electrical field intensity
along the Bi2O2Se homojunction originating from the differ-
ence between the Au work function and the Bi2O2Se fermi
level. Although the response speed was far from the intrinsic
picosecond lifetime at the metal/Bi2O2Se junctions,22 this
device was among the fastest compared with other thin film-
based MSM-structured photodetectors.23,34,38 The improved
device bandwidth arises from the fact that high-quality metal/
semiconductor junctions were achieved with the probe-tip-
assisted Au electrode transfer. Additionally, the unfavorable
defect and trap center concentrations were decreased by avoid-
ing the transfer process of Bi2O2Se films from f-mica to other
substrates; accordingly, contaminants from the adhesive
polymer and organic solvent were also prevented. To further
accelerate the device response (and to improve the quantum
efficiency at the same time), metals with lower work functions,
such as Pd or Pt, should be adopted; this can strengthen the
electrical field along the Bi2O2Se homojunction with increased
Schottky barriers at the metal/Bi2O2Se interfaces. Furthermore,
the intrinsic Se vacancy density in the Bi2O2Se film should be
modulated by carefully tuning the precursor evaporation speed
and other growth parameters.20

2.3 Device performance improvement

To further improve the overall device performance, the photo-
current mapping patterns in Fig. 2b and c were analysed in-
depth. From these, the active region was dominantly located
near the electrode edges under bias, and the photo-electric
conversion on the area away from the working regions was
unexploited; this is attributed to the insufficient carrier
depletion length or weak lateral internal electrical field. To
solve this problem, a device with narrow channel length of
about 0.8 μm was fabricated (optical microscopic images of
the device are shown in the insets of Fig. 4a and Fig. S10a;†
the AFM results are shown in Fig. S10b,† and the film thick-
ness was 8.1 nm, as measured in Fig. S10c†), within which
both the internal and external electrical field could enhance
the photo-induced electron–hole pair separation and collec-
tion along the entire Bi2O2Se channel area. In this way, the
photo-carrier transfer efficiency could be effectively improved.

From the photocurrent mapping results in Fig. 4a, it is
obvious that under a voltage bias with a positive or negative
sign, the light absorbing region was fully utilized; this denotes
high external quantum efficiency, which is defined as the

photo-induced carriers collected compared with the number of
incident photons in the light-absorbing area. The Iph mapping
results with intensity scale are included in Fig. S11.† The depen-
dence of Iph on the laser power density in Fig. 4b could also be
fitted as Iph = A × Pα, where A equals 1.5 and α is 0.94; this
reflects the linear dependence of Iph on the laser power, which
is shown in Fig. 3. The maximum responsivity could approach
6 AW−1, with an enhanced EQE of 1165%. The over-100% EQE
arises from the multiplication effect induced by the trapped
photo-induced carriers in the annealed Bi2O2Se films or at the
Au/Bi2O2Se interfaces. The detectivity (D*) equals 1.3 × 108

Jones; this was calculated as D* = RS1/2/(2eIdark)
1/2, where S is

the device area (15.7 μm2), e is the element charge and Idark is
the dark current (10−11 A). Furthermore, because the device
with a narrow channel could effectively promote the processes
of photo-induced carrier separation, diffusion and collection,
the device response speed was accelerated with a τrise of 36 μs,
and an even faster lifetime in the decay edge of 16 μs was
abstracted from the 10% to 90% method when considering the
measurement limitation. The device response is limited by the
slow opto-electronic process; thus, here, 36 μs rather than

Fig. 4 The photocurrent mapping of the Au/Bi2O2Se/Au photodetector
with 0.8 μm channel length and the performance of the device. (a) With
the short Bi2O2Se channel, the electrical field covers the whole light
absorbing area; correspondingly, the quantum efficiency is improved.
The sign of Iph under different voltage biases is the same as the results in
Fig. 2. The scale bar is 10 μm. (b) The fitting of the Iph − P dependence
with Iph = 1.4P0.94. The black dots are the experimental data and the red
line is the fitting curve. (c) Logarithmic plot of the dynamic photocurrent
response modulated by turning the 640 nm laser on and off. (d) The
response time of the Au/Bi2O2Se/Au photodetector with a short channel
was accelerated to 36 μs with single exponential fitting. (e) The 16 μs
lifetime at the falling edge of Iph was abstracted with the 10% to 90%
method.
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16 μs should be the characteristic response speed of the
device. Photoresponse enhancement with shrinking electrode
spacing was also observed in GaSe-based photodetectors.39

Finally, the influence of the annealing temperature on the
device performance was explored at a higher temperature of
200 °C; as shown in Fig. 3, the device had been annealed
under 120 °C for 1 hour already. It was found that both the
dark current and Iph increased (Fig. S12†), which can be
explained by the fact that the conducting channel in Bi2O2Se
was in the [Bi2O2]

2+ layer,20,21 and the elevated annealing
temperature would realize a closer proximity of the electrodes
to the [Bi2O2]

2+ layers. Consequently, the device responsivity
was increased to 9.1 A W−1 (with the EQE improved to 1767%);
however, the device obviously decelerated, with Iph rising and
falling lifetimes of about 548 μs and 174 μs, respectively
(Fig. S12c†), which is one order of magnitude slower than the
120 °C-annealed conditions. This can be attributed to undesir-
able defect formation during the annealing process at a higher
temperature. Peeling up of the electrodes was also performed,
as shown in Fig. S2c and S2d,† and it was found from the AFM
results that the Bi2O2Se film was undamaged. However, the
invisible chemical bonding at the metal/semiconductor inter-
faces or glassy states in the Bi2O2Se films may have been gener-
ated under 200 °C annealing, considering the slower response
speed and the larger-than-unity EQE increase accompanied
with the magnified photo-induced carrier multiplication
effect. In Table S1,† a device performance comparison
between the Au/Bi2O2Se/Au photodetectors and previously
published Bi2O2Se photodetectors is shown, which indicates
that the responsivity and response speed of the devices in this
work have apparently improved compared with devices on
mica; this manifests the advantages of the device fabrication
process and the optimized performance conditions.

3 Experimental
3.1 Synthesis of Bi2O2Se thin films

The Bi2O2Se thin films were grown in a home-built quartz tube
furnace. The Bi2O3 powder precursor (purchased from Alfa
Aesar, with the purity of 99.99%) with a higher evaporation
temperature was placed at the center of the heating zone, while
Bi2Se3 powder (purity of 99.999%, Alfa Aesar) with a relatively low
evaporation temperature was placed 8 cm upstream.
Fluorophlogopite mica substrates, KMg3(AlSi3O10)F2, were freshly
cleaved and placed in the low temperature deposition zone,
10 cm downstream from the heating center. Nitrogen was used
as the carrier gas to assist the Bi2Se3 migration, and the flux was
150 sccm. The growth temperature was set as 580 °C for 60 min,
after which the furnace was cooled naturally to cease the Bi2O2Se
film growth. The pressure in the furnace was 2500 Pa as
measured by a resistance gauge at the outlet of the quartz tube.

3.2 Bi2O2Se sample characterizations

The morphologies of the as-grown Bi2O2Se thin films were
characterized by optical microscopy (Olympus BX46F). The

thickness and surface cleanliness were measured using an
atomic force microscope (Park XE7) in tapping mode. The
Raman information was collected using a Princeton ACTON
SP2556 spectrometer (1200 G mm−1 ruled grating) with a con-
focal microscope system equipped with a 100× objective lens
and 532 nm continuous wave monochromatic laser.

3.3 Device fabrication and optoelectrical measurements

The Au film with a thickness of 100 nm was evaporated on the
SiO2/Si substrates, which were patterned with the TEM grids as
the masks. The Au electrodes were then peeled up, then placed
on the Bi2O2Se films with a probe tip under the optical micro-
scope. In this way, the bottom surface of the Au electrodes
duplicated the flatness of the SiO2/Si surface, and the interface
at Au/Bi2O2Se was pristine. All the electrical and optoelectrical
measurements were performed in a Lakeshore TTPX vacuum
probe station under 10−3 Pa at room temperature. The I–V
curves were obtained with the Agilent B1500 SMU modules. A
500 W xenon lamp with a Zolix Omni-λ200i monochromator
was used for the spectral response measurements of the
device. The photocurrent measurement under different laser
powers was performed under a 640 nm monochromatic laser
(a product of Beijing Lasewave Optoelectronics Technology Co.
Ltd.) attenuated with the circuit current. The spot size of the
incident light (both the 640 nm laser and the light from the
500 W xenon lamp though a monochromator) was 1 cm2

through the optical aperture for the photoresponsivity and
spectral response measurements to cover the whole light
absorbing area. During the Iph mapping test, the 640 nm laser
was converged through a 50× objective lens; the spot size was
1 μm in diameter. The photocurrent mapping was performed
with the Metatest ScanPro system scanning in a line-by-line
mode on the piezoelectric stage. The device dynamic response
was measured with an NI PCIe-6321 data acquisition card,
which also acted as the oscilloscope. The photocurrent curves
were the average of 100 times synchronized with the laser
modulation.

4. Conclusions

To summarize, it was demonstrated that by using a lithogra-
phy-free electrode fabrication process and avoiding the sample
transfer procedure, the interfaces at Au/Bi2O2Se/Au hetero-
structures could be contaminant-free, and the defect or trap-
ping centers were effectively decreased. Furthermore, the
annealing temperature was optimized to achieve close van der
Waals metal/semiconductor contacts; additionally, the device
channel length was shortened to make full use of the internal
and external electrical fields crossing the entire light absorp-
tion region. Highly efficient photodetectors were then con-
structed with high photoresponsivity, good quantum efficiency
and fast response speed. Furthermore, the device featured
broadband spectral response from 360 nm to 1090 nm. The
application potential of the photodetectors based on the
Bi2O2Se thin films could be further explored with electrodes
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with lower work functions or by interfacing Bi2O2Se with other
materials to form p–n or p–i–n junctions.
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