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ABSTRACT: Ternary metal-oxy-chalcogenides are emerging as next-generation layered semiconductors beyond
binary metal-chalcogenides (i.e., MoS,). Among ternary metal-oxy-chalcogenides, especially Bi,0,Se has been
demonstrated in field-effect transistors and photodetectors, exhibiting ultrahigh performance with robust air
stability. The growth method for Bi,O,Se that has been reported so far is a powder sublimation based chemical
vapor deposition. The first step for pursuing the practical application of Bi,0,Se as a semiconductor material is
developing a gas-phase growth process. Here, we report a cracking metal—organic chemical vapor deposition (c-
MOCVD) for the gas-phase growth of Bi,0,Se. The resulting Bi,O,Se films at very low growth temperature (~300
°C) show single-crystalline quality. By taking advantage of the gas-phase growth, the precise phase control was
demonstrated by modulating the partial pressure of each precursor. In addition, cc-MOCVD-grown Bi,0,Se exhibits
outstanding electrical and optoelectronic performance at room temperature without passivation, including
maximum electron mobility of 127 cm?/(V-s) and photoresponsivity of 45134 A/W.

KEYWORDS: cracking metal—organic chemical vapor deposition, bismuth-oxy-selenide, low-growth temperature,
epitaxial growth, field-effect transistor, photodetector

INTRODUCTION been a demand to seek other layered semiconductors beyond
binary metal-chalcogenides.

Layered semiconductors (or also called van der Waals
Recently, the growth of ternary metal-oxy-chalcogenides

semiconductors) have received tremendous interest due to

their anisotropic crystal structure with dangling bond free (i.e., Bi,0,Se) using powder sublimation was reported, and the

surface. Unlike traditional semiconductors, layered semi- resulting material showed high electron mobility, excellent on/
conductors are chemically stable even in a single-layer two- off ratio, and an air-stable nature.'”'® Furthermore, native
dimensional (2D) thickness'™> and form heterojunctions oxide of Bi,0,Se (Bi,SeO;s) can be easily obtained through
without lattice matching."™” Thus, they are potentially

applicable in ultrathin-body transistors'’ and multijunction Received: January 28, 2021

optoelectronic devices.® The most popular layered semi- Accepted: May 7, 2021

conductors are binary metal-chalcogenides (i, MoS,), but Published: May 11, 2021

they fail to exhibit notable advantages over the properties of
traditional semiconductor materials, such as electron mobility,
photoresponse, and chemical s.tability.11 Accordingly, there has
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Figure 1. MOCVD Bi,0,Se growth. (a) Schematic illustration of two-zone c-MOCVD setup used for Bi,0,Se growth. (b) Typical OM and
AFM images of Bi,0,Se nanoplate grown on mica substrate. (c) Crystal structure and atomic resolution ABF-STEM (left) and HAADF-
STEM (right) images of Bi,0,Se viewed from the [100] direction. (d) False color Bi, O, and Se and overlaid EDS mapping of Bi,0,Se. Scale
bar: 0.5 nm.
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Figure 2. Single-crystalline film growth of Bi,0,Se on SrTiOj substrate. (a—c) AFM images of MOCVD-grown Bi,0,Se at different growth
times, where t, indicates the time of the fully covered condition. Scale bar: 1 um. (d) HAADF-STEM image of Bi,0,Se on STO substrate. (e)
FFT pattern of the corresponding sample. (f) 20—® scan in XRD measurement of Bi,0,Se grown on the STO substrate. (g) Rocking curve
in HRXRD for (004)-plane of Bi,0,Se. (h) ¢ scans in HRXRD for the off-axis (013)-plane of Bi,0,Se and (011)-plane of STO, respectively.
(i) RSM around (011)-planes of STO and (013)-planes of the Bi,O,Se thin film on STO substrate.

layer-by-layer thermal oxidation, which exhibits a sharp to field-effect transistor (FET), thanks to its small band gap

interface and low trap density due to its crystalline nature.'*' (0.8—1.09 V), ™" Bi,0,Se based photodetectors demon-
These fascinating properties make Bi,O,Se a strong candidate strate ultrabroadband photodetecting capability from ultra-
of channel material for next-generation transistors. In addition violet to infrared with high responsivity (~5800 A/W at 532
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Figure 3. Phase controlled growth of various bismuth compounds. (a) Schematic of Bi—O—Se ternary phase diagram. (b) SEM (i) and OM
(ii—v) images of bismuth compounds. Panels i—v denote the corresponding phase on panel . (c) Electronic band structures of each grown

phase (6-Bi,0;, Bi,0,Se, Bi,Se;, and BiSe, Bi,Se;).

nm) and fast response time (~1 ps).zo_25 However, due to the
low vapor pressure of the precursor, powder sublimation
generally requires high process temperature and yields to low
homogeneity. Therefore, vapor-phase precursors based growth
method, which enables precise and low-temperature growth, is
required for practical device applications of ternary metal-oxy-
chalcogenides. Several vapor-phase processes, such as molec-
ular beam epitaxy,'® pulsed laser deposition,”® and so on were
developed to improve the controllability, but suitable processes
for ternary metal-oxy-chalcogenide are still insufficient.

Here, we report a ternary layered metal-oxy-chalcogenide
(ie, Bi,0,Se) growth method using cracking metal—organic
chemical vapor deposition (c-MOCVD). Especially, the high-
quality single-crystalline epitaxial film was obtained at a low
temperature of a minimum 300 °C on SrTiO; (STO) which
has a very small lattice mismatch. Besides, we also confirmed
the synthesis of multiple bismuth compounds (Bi,O5, Bi,Se;,
BiSe, and Bi,Se;) by controlling the partial pressure of
precursors, which provides great advantages in systematical
research of ternary systems. Moreover, we demonstrated the
FET and photodetector, which showed high electron mobility,
photoresponsivity, and fast response time of 127 cm?*/(V-s),
45134 A/W, and 4.6 ms. Our works enable systematically
exploring ternary metal-oxy-chalcogenides beyond binary
layered materials and suggest promising candidates for next-
generation (opto-)electronic devices.

RESULTS AND DISCUSSION

Figure la shows a schematic image that describes our c-
MOCVD process for Bi,O,Se growth where triphenyl bismuth
(Bi(Ph);), dimethyl selenide (DMSe), and oxygen are used as
precursors. The thermal decomposition temperature of
Bi(Ph); is around 300 °C,”” whereas that of DMSe generally
used for selenide growth®*~? is around 600 °C, approaching
the thermodynamically unfavored temperature for the Bi,O,Se
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phase.”’ To overcome the gap between the precursor

decomposition temperature and the crystal formation temper-
ature, we designed the c-MOCVD to spatially separate the
precursor decomposition zone and growth zone, where the
decomposed precursors are delivered to the growth zone
through the carrier gas. This process enables formation of the
stable Bi,O,Se phase as well as achieving the low growth
temperature, which is around 300—400 °C (see Experimental
Methods for details). Panels b—d of Figure 1 and Figure 2 deal
with representative results of Bi,O,Se nanoplate grown on
fluorophlogopite mica and single-crystalline epitaxial thin film
grown on STO, respectively. Figure 1b displays a representa-
tive optical image of the resulting c-MOCVD-grown Bi,0,Se
flake and its corresponding atomic force microscopy (AFM)
image. Supporting Information Figure S1 presents further
images of the grown samples. The MOCVD-grown Bi,O,Se
has a domain size of several tens of micrometers, and its
thickness ranges from 2.4 to 40 nm depending on growth
conditions such as temperature and time (see Figure S1). The
thickness distribution of Bi,O,Se on mica is presented in
Figure S2. To confirm the crystal structure of Bi,O,Se
nanoplates grown on mica substrate, cross-sectional scanning
transmission electron microscopy (STEM) was performed
(Figure 1c). Because the intensity is approximately propor-
tional to Z** (Z is an atomic number) in the high-angle
annular dark-field (HAADF) STEM images,” bright bismuth
atoms and relatively dark selenium atoms were identified,
which well matched with the structure of Bi,O,Se viewed as
the [100] zone axis. Also, oxygen atoms present at Bi,O, layers
were directly visualized through annular bright-field (ABF)
STEM. In addition, atomic-scale elemental analysis was
conducted via energy-dispersive X-ray spectroscopy (EDS)
mapping (Figure 1d), which confirmed that Bi,O, layers and
Se layers alternate along the c-axis without other impurities.
Below, using the MOCVD growth method, which has
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Figure 4. Electrical and optoelectronic properties of Bi,0,Se FET and photodetector. (a) Transfer characteristics and (b) output
characteristics of multilayer Bi,O,Se FET with different back-gate voltage applied. The inset shows a schematic image of back-gate Bi,O,Se
FET. (c) Plot of (ahv)®* vs W for determination of optical band gap of Bi,O,Se. The inset shows a schematic image of Bi,O,Se
photodetector under monochromatic laser. (d) log-scale I-V characteristics of Bi,0,Se photodetector under dark and 405 nm, 980 nm, and
1350 nm laser irradiation. (e) Photoresponse of the device using 405 nm laser with incident power of 100 nW. (f) Dependence of
responsivity with different incident power and Vy, bias with 405 nm laser irradiation.

conventionally excellent film quality and high controllability,
we will discuss the growth of high-quality single-crystalline
Bi,0,Se (Figure 2) and phase control under the Bi—O—Se
ternary system (Figure 3). Later on, excellent electrical and
optoelectronic properties of these MOCVD-grown Bi,0,Se are
also discussed (Figure 4).

Figure 2 shows the low-temperature (~300 °C) single-
crystalline epitaxial growth of Bi,0,Se on the STO (001)
substrate using our c-MOCVD. Panels a—c of Figure 2 are
representative AFM images of Bi,O,Se film on STO substrate
at different growth times. Initially, Bi,O,Se was grown in the
Volmer—Weber mode along the terrace of STO formed by
annealing (Figure 2a,b), and when growth continued, islands
coalesced to form a continuous film (Figure 2c). The thickness
of islands, before the coalescence, was about 45 nm, and route
mean square roughness of thin film formed after coalescence
was 3.63 nm. In contrast to the annealed substrate, on the STO
substrate without step surface, square-shaped Bi,O,Se flakes
were nucleated, and a thicker film was formed (Figure S3).
This phenomenon can be ascribed to the high nucleation rate
at the step edge.’””* Panels d and e of Figure 2 show the
results of the HAADF-STEM image and its fast Fourier
transform (FFT) pattern of Bi,0,Se film on the STO
substrate. As shown in Figure 2d, it was confirmed that the
atoms of STO and Bi,O,Se are well arranged in a row,
respectively. In addition, the FFT pattern shows the epitaxial
relationship between Bi,O,Se film and STO substrate with
Bi,0,Se (002)//STO (001) and Bi,O,Se [100]//STO [100],
where the yellow and orange circles indicate the patterns of
Bi,0,Se and STO, respectively (Figure 2e). To examine the
overall structural properties of Bi,O,Se thin film, high-
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resolution X-ray diffraction (HRXRD) measurement was
performed. Figure 2f shows the 20—w scan of Bi,O,Se film
grown on the STO substrate. Only the family peaks of the
(001)-plane were observed, which means that the out-of-plane
texture is perfectly c-axis-oriented. The estimated lattice
parameter of c-axis using the diffracted 20 value is 12.15 A,
which is consistent with the theoretical value.'* Furthermore,
to determine the quality of the out-of-plane texture of films,
rocking curves were obtained for the (004)-plane (Figure 2g).
The full width at half-maximum (fwhm) of Bi,O,Se showed
0.08°, which indicates high crystallinitgf compared to other
conventional MOCVD epitaxial films.*>”® In-plane orientation
of Bi,O,Se thin film was confirmed using ¢ scan method for
the off-axis (013)-plane in Figure 2h. The diffracted peaks of
the Bi,0,Se (013)-planes were found to match those of the
STO substrate for (011)-planes by spacing 90° intervals,
representing the epitaxial relationship between Bi,O,Se film
and STO substrate with the 4-fold symmetry. Considering in-
plane lattice mismatch between Bi,O,Se and STO substrate,
XRD reciprocal space mapping (RSM) adjacent to the (011)
diffraction from the STO substrate was analyzed to study the
in-plane strain of the epitaxial Bi,O,Se film grown on STO
substrate (Figure 2i). One can notice that the Q, peak position
of the (013) diffraction of Bi,O,Se was aligned vertically from
the peak of (011) of the STO substrate along the Q, axis,
which indicates that the lattice constant of Bi,O,Se film along
the in-plane axis is the same as that of the STO substrate,
representing a fully strained nature over the whole Bi,O,Se
thin film. Detailed information on reciprocal space mapping is
explained in the Supporting Information Figure S4. Through
the epitaxial growth and the corresponding structural analysis
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results in Figure 2, we confirm that our MOCVD growth
process is suitable for high-quality Bi,O,Se growth at the low
temperature (~300 °C).

The capability of the precise and individual flow control in
our MOCVD process enables us to achieve the various phases
of bismuth-oxy-selenide, as shown in Figure 3. Figure 3a shows
a ternary phase diagram of the Bi—O—Se system, and the
compositions of the phases (Bi,O;, Bi,0,Se, Bi,Se;, BiSe,
Bi,Se;) that we observed are marked on it. Figure 3b shows the
representative scanning electron microscopy (SEM) and
optical microscopy (OM) images of each phase. Among the
growth parameters in our MOCVD, we figured out that the
oxygen concentration majorly affects the growth behaviors.
Figure SS5a shows the coverage and phases of resulting
materials depending on the oxygen flow rate, and the
corresponding 20— XRD data are exhibited in Figure S5b—
f. First, the Bi,Se; phase is formed (Figure S5d) at zero flow of
O,. Second, the Bi,0,Se phase is generated (Figure S5c) at 0.3
sccm of O, flow. When the O, flow was between the optimum
condition of Bi,Se; and Bi,O,Se phases, the coverage of grown
films drastically decreased (Figure SSa). In this O, flow range,
we deduced that Bi,Se; is oxidized, but there is insufficient
oxygen to form Bi,O,Se so that the nucleation and growth are
suppressed.”” Third, Bi,0,Se was fully oxidized to Bi,O; over
0.4 sccm. Moreover, we investigated the phase changes
depending on the concentration of selenium precursor
(CH;),Se), observing phase transition from Bi,Se; to BiSe
and Bi,Se; (Figure SSe,f) under excess Se condition in our
MOCVD.”® In addition, the electronic structures of each
grown phase were estimated by computational simulation
based on density functional theory (DFT) to indirectly
understand the electrical and optical properties of each phase
(Figure 3c). The band gap of each phase was predicted by
generalized gradient approximation within Perdew, Burke, and
Ernzerhof (GGA-PBE) method, and the underestimated band
gap was corrected by Heyd—Scuseria—Ernzerhof hybrid
functionals (HSE06) with the inclusion of spin—orbit coupling
(GGA-PBE-SOC and HSE-SOC) (see Experimental Methods
for details). Note that Bi,Se; was exceptionally calculated only
at the GGA-PBE-SOC level due to the abnormally under-
estimated band gap prediction at the HSE-SOC.”” The
resulting band gaps cover from metallic to wide-band-gap
semiconducting where the calculated band gaps of each phase
are as follows; BiSe, semimetallic; Bi,Se;, semimetallic; Bi,Se,,
0.31 eV; Bi,O,Se, 0.93 eV; Bi,0;, 2.13 eV. The precise phase
control demonstration in Figure 3 manifests another advantage
of our MOCVD process in the investigation of the Bi—O—Se
material system.

To confirm the quality of -MOCVD-grown Bi,O,Se as an
electronic material, we demonstrated FET and photodetector
as shown in Figure 4. The grown Bi,O,Se was transferred onto
SiO, (300 nm)/Si substrate, and we fabricated back-gate FET
devices (see Experimental Methods for details). Panels a and b
of Figure 4 show the transfer curve and output curve of a
representative Bi,O,Se FET device, where drain current (Iy)
changes as a function of the back-gate voltage (V},) and drain
current changes as a function of source-drain voltage (Vy,),
respectively. The inset in Figure 4a depicts a schematic image
of the Bi,O,Se FET structure. The mobility of the Bi,O,Se
FET at room temperature shows an excellent value of 127
cm?/(V:s), where the field-effect mobility is calculated using
the dI;;/dVy, slope of the linear section of the transfer curve.
The device transconductance G, (dIds/dng) shows a high
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value of 6.3 uS (0.44 uS/um), despite the fact that we used
thick SiO, as a gate dielectric whose capacitance is relatively
low. We observed that Bi,O,Se FET exhibits a typical n-type
characteristic, which shows an exponential increase in Iy, with
the increase in Vig and the on/off current ratio is 10° showing
an on current of 107> A/um and an off current of 107% A/um.
Additional FET devices were also fabricated and measured,
and the results are exhibited in Figures S6 and S7. Also, to
confirm the air stability of Bi,O,Se, we measured the optical
reflectance image and electrical characteristics of Bi,O,Se
nanoplates before and after nearly a year passed as shown in
Figure S8. The optical contrast of Bi,O,Se nanoplates barely
changed in the reflectance image (Figure S8a). The on/off
ratio, FET mobility, and on current changed less than 7%
(Figure S8b).

To investigate the optoelectronic characteristic of Bi,O,Se,
the Bi,O,Se photodetector was directly fabricated on a mica
substrate as a metal—semiconductor—metal (MSM) type
device without passivation. Figure 4c shows the spectral
response of Bi,O,Se photodetector, and it can be derived from
the spectral responsivity R = Ly/P (L, = Liyminated — I
shown in Figure $9a, where I, is the spectral photocurrent and
P is the optical power. The inset depicts the schematic image
of Bi,O,Se photodetector under the monochromatic laser. By
extrapolating linear region of (ahv)®® vs hv plot, where « is the
effective absorption coefficient and hv is the energy of the
photon, Bi,O,Se shows a band gap of 0.92 eV, which is
consistent with the DFT calculated value of 0.93 eV in Figure
3c (see Experimental Methods for details). Figure 4d shows
the current change of the photodetector before and after the
laser irradiation. When irradiating a laser with wavelengths of
405 nm (5 nW), 980 nm (1 uW), and 1350 nm (1 uW), it is
confirmed that the current significantly increases compared
with the dark current. This result shows that Bi,O,Se based
photodetector has a broad spectral response range that covers
ultraviolet, visible, and even near-infrared. Figure 4e shows the
time-dependent photocurrent measurement of the Bi,O,Se
photodetector without passivation under air while the laser
(405 nm, 100 nW) is switched on and off repeatedly, and the
shaded area indicates when the laser irradiation is on. During
the time-dependent photocurrent measurement, an optical
chopper is used for blocking the irradiation of the laser.
Bi,0,Se photodetector shows highly stable on/off switching
with a constant photocurrent which exhibits excellent
reproducibility of the device. Rise time (7,,.) is the time
taken for the photocurrent to reach 10 to 90% of I, the
maximum drain current, and the decay time (Tdecay) is the time
interval to reach 90 to 10% of I,,. The nonpassivated Bi,O,Se
photodetector under air presents the values of 7, = 4.6 ms
and Ty, = 5.3 ms with highly stable on/off switching level,
shown in Figure S9b, which exhibits superior response time
properties compared with other binary layered materials.*’~**
Figure 4f is the color chart drawn to show the photo-
responsivity of Bi,O,Se with various bias and power values
under 405 nm laser irradiation using the following equation: R
= I,/ Py, Bi,0,8e shows the highest responsivity when a high
bias is applied and low-power laser is irradiated, which means
that carrier transit time is effectively controlled by the bias
voltage, suggesting the high quality of the synthesized crystal.
Moreover, Bi,O,Se showed a high responsivity of 45134 A/W
when a laser with a power of 5 nW was irradiated. In addition
to responsivity and response time, detectivity, the main figure
of merits of a photodetector, is evaluated. Figure S9¢ shows the
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specific detectivity as a function of laser power, and the
maximum specific detectivity of Bi,O,Se is 3.3 X 10" jones,
which is equal to or higher than detectivity of the commercial
Si photodetector.”” Additionally, thickness-dependent opto-
electronic characteristics of Bi,O,Se photodetector are shown
in Figure S10. The Bi,0,Se photodetector showed increases in
dark current, photocurrent, responsivity, and detectivity as a
function of thickness. Throughout the results from Figure 4,
the high performances of Bi,O,Se based FET and photo-
detector are successfully demonstrated.

CONCLUSIONS

In summary, we developed a gas-phase growth of high-quality
Bi,0,Se via ¢-MOCVD at a low temperature (~300 °C).
Using our c-MOCVD advantage, we successfully demonstrated
the single-crystalline epitaxial growth of Bi,O,Se on STO,
precise phase control, and the high-performance FETs and
photodetectors. We believe that the c-MOCVD process can
provide more opportunities for Bi,O,Se and related materials
research in the near future. For example, the MOCVD growth
process is applicable to the other metal-oxy-chalcogenide
growth, such as Bi,0,S, Bi,O,Te, and so on. Until now, Bi,O,S
and Bi,O,Te have been rarely investigated due to their narrow
range of chemically stable composition.** It is possible to grow
Bi;,O,S and Bi,O,Te by utilizing precise partial pressure
control of MOCVD. In addition, the growth of lateral or
vertical heterostructure of metal-oxy-chalcogenide can be
achieved using the function of the sequential flow of different
precursors in MOCVD.3%* Furthermore, our MOCVD
process can be adapted to the CMOS process due to its low
growth temperature, and the gas-phase process can also be
applied to batch fabrication.*

EXPERIMENTAL METHODS

Growth of MOCVD Bi,0,Se. Bi,0,Se was grown using a
homemade MOCVD setup equipped with a 2-in.-diameter horizontal
quartz tube. A mica substrate (freshly cleaved from a fluorophlogopite
mica) was used for Bi,O,Se nanoplate growth. A perovskite oxide
STO (001) substrate, which has a 0.6% lattice mismatch with
Bi,0,Se, was used for epitaxial film growth. Before growth on the
STO substrate, the chemical treatment was performed to generate a
Ti-terminated step surface through the following method. The STO
substrate was treated by ultrasonication in acetone, IPA, and DI water
for S min each, maintaining a temperature over 60 °C. Afterward, the
cleaned STO was soaked in buffered oxide etchant at 10% for 5 min,
followed by thermal annealing at 1000 °C for 10 h in the air to form
the step surface. Triphenyl bismuth (Bi(C¢H;);) and dimethyl
selenide ((CHj;),Se) were used as metal (Bi) and chalcogenide (Se)
precursors, respectively. Oxygen gas—O,—was used as the oxidation
source. Each precursor was precisely regulated by a mass flow
controller (MFC). Because Bi precursor has relatively low vapor
pressure, Bi(CgH;); was directly injected into the chamber by flowing
Ar gas controlled by MFC from the front end of the canister.
(CHj;),Se was kept in bubblers at a constant pressure of 800 Torr and
carried by Ar carrier gas. The Bi(C¢H;); canister was heated to 130
°C, and the gas line, from canister to chamber inlet, was heated to 140
°C in order to prevent the line from sticking. Our optimized flow rates
of precursors are 200 sccm for Bi(CgHs),, 0.4 sccm for (CH,),Se, 0.3
sccm for O,, and 200 sccm for Ar. The total pressure is 7.2 Torr in-
process. The two-heating zone was necessary to simultaneously
guarantee a sufficient amount of precursor pyrolysis and nucleation.
The front zone, which controls the amount of precursor pyrolysis, is
named cracking zone, and the back zone, where Bi,O,Se is grown, is
named growth zone. The optimum conditions were different
depending on the substrate. The temperature of the cracking zone/
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growth zone was 450 °C/430 °C for mica substrate, and 430 °C/300
°C for STO substrate.

Characterization. An image of atomically thin bismuth-oxy-
chalcogenides was obtained by field-emission scanning electron
microscopy (FE-SEM, Hitachi S-4800), optical microscopy (Olym-
pus), and AFM (NNOVA-LABRAM HR800). The phase and
crystallinity were confirmed by X-ray diffraction (XRD, Rigaky,
Smartlab) with Cu Ka radiation using high-resolution mode. In-plane
orientation and RSM were measured by HRXRD (Panalytical X’pert
MRD) with a four-bounce Ge (022) monochromator. The cross-
sectional samples for STEM imaging were prepared by focused ion
beam (FIB, FEI Helios NanoLab 450). Then, cross-sectional STEM
images were obtained using a FEI Titan® G2 60-300 operating at 200
kV. Energy-dispersive X-ray (EDS) spectroscopic imaging was
performed by a SuperX EDX spectrometer.

Electronic Structure Calculations. The first-principles calcu-
lations based on density functional theory were performed using the
Vienna ab initio simulation package (VASP).*”~*’ Projector
augmented-wave (PAW) pseudopotentials with a kinetic energy
cutoff of 450 eV for the plane-wave basis set were used.”® The
generalized gradient approximation within Perdew, Burke, and
Ernzerhof scheme with inclusion of spin—orbit coupling was utilized
to describe the exchange—correlation potential,”* and the van der
Waals (vdW) correction was included by using the DFT-D2
method.” For structure optimizations, 17 X 17 X 11 y-centered k-
point mesh was taken. All atomic positions and lattice constants were
optimized using the conjugate gradient method by setting the
convergence criteria on the total energy and force to 107 ¢V and 107>
eV/A, respectively. The electronic band structures were also
calculated by using Heyd—Scuseria—Ernzerhof hybrid functionals to
correct the underestimated band gap values.*®

Fabrication of Transistor and Photodetector. To fabricate the
bottom gate Bi,0,Se FET, Bi,O,Se was transferred to SiO, (300
nm)/Si (n++) substrate using PMMA based wet transfer method.
After transfer, conventional photolithography was conducted on the
source, drain pattern, and Ti and Au metal electrodes were
sequentially deposited at thicknesses of 10 and 30 nm, respectively,
by an e-beam evaporator. Ti was selected as a contact electrode since
it has a low workfunction of 4.3 eV and matches well with the
workfunction of n-type semiconductor. The lift-off process was done
by dipping the sample in photoresist remover (AZ Kwik strip
remover) annealed at 100 °C for 1 h.

In the case of photodetector fabrication, conventional photo-
lithography, e-beam evaporation, and lift-off process were identically
done to Bi,0,Se grown on a mica substrate. Metal—semiconductor—
metal-type Bi,O,Se photodetector without passivation was fabricated.

PMMA Based Wet Transfer Method. PMMA was spin-coated
on the mica substrate, which is covered with Bi,O,Se flakes, at the
rate of 1500 rpm for a minute. After the spin coating is done, the
substrate is placed on a hot plate with the temperature of 150 °C for
90 s. Then the mica was dipped in a diluted HF solution with a
concentration of 2% for a couple of hours. Before dipping, the edge of
the mica was removed by a razor blade to enhance penetration of the
HEF solution into the interface of PMMA and mica. A couple of hours
later, the PMMA that holds Bi,O,Se flakes was separated from the
mica. PMMA with Bi,O,Se flakes was then rinsed with deionized
water and scooped with 300 nm SiO,/Si substrate. Finally, the
substrate was dipped in acetone for 24 h to remove PMMA.

Electrical and Optoelectronic Parameter Calculation. Field-
effect mobility was extracted from the following equation: ppgr= [L/
(WCwV4)] [dl/dVy). L is the channel length, W is the channel
width, C,, is gate oxide capacitance per unit area, Vg is the voltage
between source and drain, and V}, is the gate voltage. The mobility of
Bi,0,Se FET was calculated using the following device parameters: L
=3.5 um, W= 14.4 uym, C,, = 1.15 X 107* Fm™2 (C,, = £0&,/toy & =
3.9, t,, = 300 nm), and Vg =1 V.

The spectral response was induced by converting R to effective
absorption coefficient a by the relation a = —1/t In(1 — Rhv/en),
where t is the thickness of the channel layer, hv is the energy of the
photon, and # is the internal quantum efficiency. Through the
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equation above (ahv)" = A(hv — E,) is induced, where m is the
exponent determined by the type of transition and E_ is the band gap
of the semiconductor, which can be expressed by a and hv values.
Since Bi,0,Se shows indirect band gap transition, the band gap is
obtained by extrapolating the linear region of the (ahv)** vs hv plot.

Electrical and Optoelectronic Characterization. The electrical
characterization of Bi,O,Se FET was performed under ambient
condition using a semiconductor parameter analyzer system (Keithley
instrument—4200 SCS). The spectral photocurrent was measured
using a supercontinuum laser with a monochromator (NKT
photonics—SuperK extreme). To keep the intensity of the super-
continuum laser constant, the precisely adjusted power table was used
during the operation of the monochromator. Time-dependent
photoresponse and repetitive photoresponse with and without laser
irradiation were measured by low noise current preamplifier (SRS-
SRS70) and data acquisition system (National Instrument—NI 6343
X Series Data Acquisition). Irradiation of laser was blocked using an
optical chopper system (Scitec instrument—300 CD).
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