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flexibility, outperformed electrical, optical, 
thermoelectric, and electrochemical char-
acteristics, and compatibility with other 
materials.[1–13] In the past few years, 2D 
materials have been employed for the 
state-of-the-art electronic and optoelec-
tronic devices.[14–18] Among the broad list 
of reported 2D materials, graphene is 
the most-prominent material due to its 
remarkably high carrier mobility.[19] How-
ever, the on/off switching in graphene-
based field-effect transistors (FETs) is 
immensely difficult due to its zero-
bandgap. 2D black phosphorous and 
2D perovskite are mostly unstable in the 
air, and the growth of these materials is 
onerous by traditional chemical vapor dep-
osition (CVD), restricting their widespread 
electronic applications.[20–22] As an alterna-
tive, 2D transition metal dichalcogenides 

(TMDCs) are suitable candidates for high-performance optoe-
lectronics attributable to the layer-dependent optical absorption; 
however, the low-carrier mobility of these materials hinders 
their execution in electronics.[23,24] It is, therefore, necessary 
to explore an air-stable 2D material with suitable bandgap 
and high carrier mobility for electronic and optoelectronic 
applications.

During the last half-decennium, Bismuth oxyselenide 
(Bi2O2Se) FETs have been devoted great attention due to 
their low subthreshold swing (≈65  mV  dec−1) and high low-
temperature mobility (>  20k  cm2 V−1 s−1 at 2  K).[25] The mod-
erate bandgap (≈0.8 eV) and competent light absorption make 
Bi2O2Se an opportune semiconducting material for electronic 
applications.[26–31] In order to achieve Bi2O2Se-based FETs, the 
acquisition of large-sized atomically thin 2D material is of 
considerable significance. So far, 2D Bi2O2Se has been synthe-
sized by various techniques, including molecular beam epi-
taxy (MBE),[32] pulsed laser deposition (PLD),[33] wet-chemical 
methods,[34–37] physical vapor deposition (PVD),[30] and CVD 
method.[25,28,38–43] Among these growth strategies, Bi2O2Se 
attained by PLD or MBE requires expensive equipment and 
ultra-high vacuum. Currently, the large size and crystal quality 
of material synthesized with the wet-chemical method are huge 
challenges. The growth of millimeter-sized Bi2O2Se has been 
investigated at a high temperature of 700  °C using the PVD 
method, which may limit its application for temperature-sen-
sitive substrates. Compared with the aforementioned methods, 
CVD is the preferred technique to produce Bi2O2Se; however, 
the domain size of 2D Bi2O2Se flakes is only a few hundreds of 
micrometers.[25,28,39,41] It is obvious that the controlled growth 

Bi2O2Se is the most promising 2D material due to its semiconducting feature 
and high mobility, making it propitious channel material for high-performance 
electronics that demands highly crystalline Bi2O2Se at low-growth tem-
perature. Here, a low-temperature salt-assisted chemical vapor deposition 
approach for growing single-domain Bi2O2Se on a millimeter scale with thick-
nesses of multilayer to monolayer is presented. Because of the advantage of 
thickness-dependent growth, systematical scrutiny of layer-dependent Raman 
spectroscopy of Bi2O2Se from monolayer to bulk is investigated, revealing a 
redshift of the A1g mode at 162.4 cm−1. Moreover, the long-term environmental 
stability of ≈2.4 nm thick Bi2O2Se is confirmed after exposing the sample for 
1.5 years to air. The backgated field effect transistor (FET) based on a few-
layered Bi2O2Se flake represents decent carrier mobility (≈287 cm2 V−1s−1) and 
an ON/OFF ratio of up to 107. This report indicates a technique to grow large-
domain thickness controlled Bi2O2Se single crystals for electronics.

ReseaRch aRticle

U. Khan, A. Nairan, J. Gao
Institute of Functional Porous Materials
School of Materials Science and Engineering
Zhejiang Sci-Tech University
Hangzhou 310018, P. R. China
E-mail: usmankhan.2017@tsinghua.org.cn; jkgao@zstu.edu.cn
U. Khan, A. Nairan, J. Gao
Zhejiang Provincial Innovation Center of Advanced Textile Technology
Shaoxing 312000, P. R. China
K. Khan
School of Electrical Engineering & Intelligentization
Dongguan University of Technology
Dongguan 523808, P. R. China
S. Li
School of Materials Science and Engineering
The University of New South Wales
Sydney 2052, Australia
B. Liu
Shenzhen Geim Graphene Center
Tsinghua-Berkeley Shenzhen Institute & Institute of Materials Research
Tsinghua Shenzhen International Graduate School
Tsinghua University
Shenzhen 518055, P. R. China

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202206648.

1. Introduction

The rise of 2D materials has garnered considerable interest 
caused of their planar structures, free of dangling bonds, layer-
dependent electronic band structure, excellent mechanical 
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of large-sized 2D Bi2O2Se at relatively low temperature is still at 
an early stage.

Due to their advantages, salts have been widely exerted to 
synthesize carbon nanostructures, oxide ceramic powders, and 
TMDCs in recent years.[44–50] First, the strong polarizing forces 
of salts destabilize the covalent, metallic, and ionic bonds.[51] 
Second, the growth products can be isolated because of the 
high water solubility of salts after immersing the products in 
water and filtering the products with the aid of filter mem-
branes.[51] Third, salts have the ability to enhance the mass flux 
by decreasing the melting points of precursors to form oxychlo-
rides to increase the reaction rate.[52] Therefore, water-soluble 
salts such as KBr and NaCl, which are abundant in nature and 
thermally stable,[53] dawn as an essential additive in traditional 
CVD procedures to grow 2D materials. The involvement of salts 
in low-dimensional materials can be categorized into two types. 
In the molten-salt-assisted method, they can be mixed with 
reactants as a promoter/additives. They serve as a growth sub-
strate to facilitate the production of nanomaterials in the salt-
template-directed technique. In the former case, the mixture of 
metallic precursors and salts introduces active intermediates at 
relatively low evaporation temperatures to enhance the metallic 
precursor’s supply, thereby contributing enough nucleation 
sites on the growth substrate.[54] In the latter case, salts are used 
as a substrate to promote the growth of nanomaterials by con-
sidering the excellent thermal stability and high surface area.[53]

Inspired by the above achievement, we report an efficient 
salt-assisted CVD strategy for the low-temperature growth of 
atomically thin high-quality 2D Bi2O2Se with a controllable 
thickness. The average domain size of Bi2O2Se is ≈1.3  mm, 
which is the largest domain size of a single crystal flake ever 
reported through the CVD method so far. The thickness and 
domain size of Bi2O2Se can be precisely controlled by modi-
fying the molar ratio of precursors and the growth tempera-
ture. Layer-dependent Raman spectroscopy is investigated by 
taking advantage of the tunable thickness of salt-assisted grown 
Bi2O2Se. We observe a redshift of ≈5.7 cm−1 for the out-of-plane 
vibrational mode A1g of monolayer Bi2O2Se with an increase in 
thickness. Most importantly, the A1g vibrational mode is absent 
in monolayer to trilayer Bi2O2Se, which can be used for thick-
ness determination. The stability of Bi2O2Se after air exposure 
for 1.5 years demonstrates an immaculate surface with excel-
lent crystallinity in the ambient environment. Furthermore, a 
few-layer Bi2O2Se-based FET represents an excellent high on/
off ratio of ≈107 and mobility of ≈287 cm2 V−1 s−1, which displays 
its possibility for advanced manufacturing technology.

2. Results and Discussion

Instigated by the triumph of salt-assisted CVD techniques 
for synthesizing 2D TMDCs and non-layered materials, we 
successfully grow atomically thin 2D Bi2O2Se flakes using 
Bi2Se3.[52,55,56] To analyze the thermal stability of Bi2Se3, ther-
mogravimetric analysis (TGA) was carried out from room 
temperature to 1000 °C, and its weight loss curve is shown in 
Figure S1 (Supporting Information). The incorporation of salt 
can lower the high melting point of Bi2Se3 (≈710  °C)[57,58] and 
hence support the reaction to grow 2D Bi2O2Se. A schematic 

illustration for growing 2D Bi2O2Se flakes by a salt-assisted 
CVD method is represented in Figure 1a. In this work, NaCl 
is mixed with Bi2Se3 to sever as a precursor, and NaCl plays 
a vital role in assisting the growth reaction. Several 1 ×  1  cm2 
sized mica substrates were located in the tube furnace to collect 
the final product (see the Experimental Section for details). As 
shown in Figure 1b, the ultra-large irregularly shaped Bi2O2Se 
flake is grown on mica with a size of more than 3  mm. An 
atomic force microscope (AFM) image of a ≈3  mm Bi2O2Se 
flake, recorded at a white square area represented in Figure 1b 
and Figure S2(a) (Supporting Information), is depicted in 
Figure S2(b) (Supporting Information). The topographical 
analysis confirms a clean and homogeneous surface, and the 
thickness of the sample of ≈1.9 nm represents a trilayer flake. 
The XRD pattern of the Bi2O2Se nanosheet is represented in 
Figure S3 (Supporting Information). All the diffraction peaks 
are reflected from (001) planes of Bi2O2Se with crystal orien-
tation along the c-axis, and the results are consistent with the 
literature.[59] The salt-assisted CVD technique displayed the 
ability to grow ultra-large single domain (≈1.3 mm) 2D Bi2O2Se 
flakes, as shown in Figure  1c. The thickness of ultra-large 
single domain Bi2O2Se flake recorded at a white square area 
highlighted in Figure S4(a) (Supporting Information) is shown 
in Figure S4(b) (Supporting Information). The thickness of the 
flake is ≈1.6  nm which represents a bilayered flake. It should 
be noted that the morphology is modified from irregular to a 
regular square-shaped Bi2O2Se with an appropriate quantity of 
NaCl. Adding NaCl can significantly reduce the melting point 
of Bi2Se3 and guarantees a high mass flux of metallic precursor. 
It is worth mentioning that by optimizing the salt-to-Bi2Se3 
ratio, the domain sizes of the Bi2O2Se can be precisely modified 
to achieve ultra-large single crystalline Bi2O2Se. The largest cur-
rently reported domain sizes of single crystalline Bi2O2Se are in 
the range of ≈10–750 µm (Figure 1d).[25,28,30,39–41,60–62]

The crystal structure determination and quality of synthe-
sized samples were investigated by transmission electron 
microscope (TEM) after transferring 2D Bi2O2Se flakes. The 
samples were transferred similarly to TMDCs using poly 
(methyl methacrylate) (PMMA) coating on Bi2O2Se/mica and 
then transferred onto a Cu grid, as shown in Figure  1e. The 
TEM image of 2D Bi2O2Se captured at high resolution dem-
onstrates a d-spacing of ≈2.8 Å for the (110) plane (Figure 1f). 
The nature of crystal structure and quality of synthesized 2D 
Bi2O2Se was further elucidated with the help of a selected area 
electron diffraction (SAED) that represents (110), (110), and 
(200) bright spots, and the tetragonal structure as shown in 
Figure  1g. These analyses confirm the high crystal quality of 
Bi2O2Se flakes without the presence of other impurities such as 
Bi2O3 or Bi2Se3. Next, we inspected the quality of salt-assisted 
CVD growth of Bi2O2Se flakes based on the chemical compo-
sition with X-ray photoelectron spectroscopy (XPS). The XPS 
survey scan of 2D Bi2O2Se is shown in Figure S5 (Supporting 
Information). The information on the chemical bonding 
states of O, Se, and Bi is displayed in Figure  1h–j. The peaks 
in the XPS spectrum of Bi are centered at 164  eV for Bi 4f5/2 
and 158.8  eV for Bi4f7/2, which can be assigned to metallic Bi 
in bismuth oxide (Figure  1h). The peaks of Se are centered at 
54.1  eV for Se 3d3/2 and 53.2  eV for Se 3d5/2 (Figure  1i). The 
XPS spectrum of O1s shown in Figure  1j is fitted at 532 and 
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529.9 eV. It is identified that the binding energy of all the peaks 
is consistent with the elemental composition of Bi2O2Se. Fur-
ther, the quantitative examination specifies Se to Bi atomic 
ratio of 1:2, identifying the formation of Bi2O2Se flakes with 
adequate stoichiometry. Furthermore, high annular dark field 
(HAADF) scanning TEM (STEM) micrographs with relative 
elemental mapping shown in Figure S6 (Supporting Informa-
tion) confirm a homogeneous distribution of Bi, Se, and O 
elements. Therefore, the salt-assisted CVD-grown 2D Bi2O2Se 
nanosheets represent good homogeneity, high crystal quality, 
and stoichiometry and indicate excellent consistency with prior 
reports.[25,27–30]

Raman spectroscopy is an analytical non-destructive, and fast 
technique to investigate structural and chemical information of 
layer-dependent 2D materials by its characteristic Raman fin-
gerprint. Herein, we have examined the Raman scattering of 
multilayer to monolayer Bi2O2Se. Figure 2a represents the AFM 
image of Bi2O2Se, and we analyzed that the thickness of the 
flake is ≈0.8 nm, close to the theoretical thickness of monolayer 
Bi2O2Se (≈0.61 nm). The thicknesses of two layers (Figure 2b) 
and 18 layers (Figure  2c) Bi2O2Se flakes are 1.3 and 11  nm, 
respectively. This analysis confirms that salt-assisted CVD has 
the ability for the growth of 2D Bi2O2Se flakes with precise 

control over the thickness of the material. Figure 2d displays the 
Raman spectra of the monolayer to 32 layers and bulk Bi2O2Se 
on the mica substrate, and the samples were excited by using 
a 532 nm laser. All the samples ranging from bulk to four-lay-
ered Bi2O2Se originate A1g out-of-plane vibrational mode. How-
ever, the A1g vibrational mode is too weak to be observed for 
monolayer, bilayer, and trilayer Bi2O2Se flakes. Importantly, we 
investigate that the A1g vibrational mode is robust and sensitive 
to the layered numbers of Bi2O2Se. Moreover, the peak position 
of the A1g vibrational mode represents a redshift of ≈5.7  cm−1 
from four layered (162.4  cm−1) to bulk (156.7  cm−1) Bi2O2Se 
sample which can be observed in Figure 2e. Figure 2g indicates 
a Raman intensity mapping of A1g peak (158 cm−1) of 9 layered 
Bi2O2Se flake shown in Figure  2f. The Raman map shows an 
excellent uniformity of the flake, which indicates that the color 
mapping is uniform throughout the surface. Salt-assisted 
grown Bi2O2Se has a similar quality and layer-dependent 
Raman spectroscopy reported by CVD-grown Bi2O2Se.[30]

The long-term stability and surface roughness of 2D mate-
rials in the air are imperative figures of merit for advanced 
manufacturing techniques. Thereby, we performed an impe-
rial examination of the environmental stability of salt-assisted 
CVD-grown Bi2O2Se. In this procedure, we initially prepared 
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Figure 1. Salt-assisted low-temperature CVD growth of 2D Bi2O2Se single crystals. a) Schematic illustration for salt-assisted large-scale growth of 2D 
Bi2O2Se nanosheets on f-mica at low temperature of 500 °C. b) A typical optical microscope image of Bi2O2Se nanosheet with an average size of more 
than 3 mm. c) An optical microscope image of another large-domain single crystal 2D Bi2O2Se with a size > 1.3 mm. d) Domain sizes of single crystal 
2D Bi2O2Se flakes reported in the literature. e) The TEM morphology of 2D Bi2O2Se nanosheet on a copper grid. f) HRTEM image of the salt-assisted 
CVD synthesized 2D Bi2O2Se representing a lattice spacing of 2.8 Å for (110). g) The single crystalline feature of a 2D Bi2O2Se nanosheet is exhibited 
in the SAED pattern. h–j) The elemental compositions of Bi, Se and O in the 2D Bi2O2Se nanosheet are shown in the XPS spectra.
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2D Bi2O2Se flakes and then monitored the variation in sur-
face roughness, thickness, and crystal quality by employing 
optical microscopy, AFM, and Raman spectroscopy. Figure 3a–c 
reveals the images of freshly grown Bi2O2Se flakes taken by 
optical microscope and the same nanoflakes after exposing the 
samples to air for 1 year and 1.5 years. It is evident by initial 
findings that Bi2O2Se flakes sustain their decency without con-
spicuous structural deformation. The topographical images of 
the air-exposed samples for 1 and 1.5 years represent similar 
thickness (≈2.4  nm) as that of freshly grown Bi2O2Se flake 
(Figure  3d–f). In addition, the average surface roughness (Ra) 
of the fresh flake is 0.6  nm, and for 1 year and 1.5 years, the 
exposed flake is 0.65 and 0.68 nm, which indicates that the air 
exposure does not greatly impact the surface of the flakes even 
after 1.5 years (Figure  3g). Therefore, the AFM analysis indi-
cates that the samples remain clean and homogeneous, which 
designates the excellent stability of the samples in the ambient 
environment. The structural analysis of fresh and air-exposed 
Bi2O2Se flakes was further confirmed with Raman spectroscopy. 
It can be manifested from Raman spectra shown in Figure 3h 
that the peaks from the A1g vibrational mode of samples before 
and after air exposure remain identical. Therefore, these results 
clearly demonstrate that 2D Bi2O2Se flakes remain stable in 
the environment, which is favorable for constructing electronic 
devices based on 2D materials.

Due to the accessibility of large-scale, high-quality salt-
assisted CVD-grown Bi2O2Se flakes, we fabricated Bi2O2Se-
based FET to study their electrical performance. The samples 
were transferred onto a SiO2/Si substrate for the back gate 
terminal of FET. The procedure for transferring 2D Bi2O2Se 
is shown in our previous study.[30] The pattern for source and 
drain terminals of FET was designed by an electron beam 

lithography technique. The metallic electrodes were made of 
gold and chromium (100 nm of Au on 5 nm of Cr) by e-beam 
evaporation (see details in the experimental section). The 
scheme for the construction of Bi2O2Se-based FET is repre-
sented in Figure 4a. The optical microscope image of Bi2O2Se-
based FET with channel length (L) of ≈80.6  µm and channel 
width (W) of ≈45.6 µm is presented in the inset of Figure 4b. 
The room temperature output curves (ID–VD) are demonstrated 
in Figure 4b. The back gate voltage (VG) of the device is modu-
lated from −5 to 10  V with a step voltage of 2  V. It is evident 
from the output characteristic curves that the drain current (ID) 
is greatly dependent on the applied VG, which indicates back 
gate controllability of FET. The symmetric and linear ID–VD 
curves demonstrate excellent contact between Bi2O2Se and elec-
trodes.[25] These curves reveal a typical n-type semiconducting 
nature by which ID increases with a rise in positive VG. The 
current ratio between VG of −5and 10  V is ≈107, indicated by 
a semi-log scale curve plotted in Figure S7 (Supporting Infor-
mation). The transfer curves (ID–VG) in linear and logarithmic 
scales at constant VD = 1 V are represented in Figure 4c. These 
plots investigate the rise in ID as a function of VG, which 
provides another justification for the n-type conductivity of 
Bi2O2Se-based FET. The extracted field-effect mobility (μ) from 
these curves is ≈287 cm2 V−1 s−1, and the corresponding carrier 
concentration (n) is 3.3 ×  1011  cm−2 at VD = 1 V. The extracted 
value of threshold voltage by extrapolation of the transfer curve 
in the linear region is −1.9 V. Figure 4d,e provides ID–VG plot 
in a linear and logarithmic scales as a variable of VD that fur-
ther confirms the n-type nature of Bi2O2Se based FET device. 
Figure 4f presents another figure of the merit of FET which is 
Ion/Ioff and it can be observed that the fabricated device provides 
a decent value that is 107. Therefore, salt-assisted CVD growth 
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Figure 2. The characterization of the salt-assisted CVD growth of Bi2O2Se nanosheets on mica. a) AFM topography of a monolayer Bi2O2Se nanosheet 
with a thickness of 0.8 nm. b) AFM of a bilayer Bi2O2Se nanosheet with a thickness of 1.3 nm. c) AFM of a multilayer Bi2O2Se nanosheet with a thickness 
of 11 nm. d) Layer-dependent Raman spectra of salt-assisted CVD grown Bi2O2Se nanosheets, exhibiting a redshift in the out-plane vibrational mode 
from monolayer to bulk Bi2O2Se and is visible in (e). f,g) Optical micrograph image and Raman map of A1g peak of a Bi2O2Se nanosheet represent an 
excellent uniformity.
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of Bi2O2Se provides a high crystal quality and is a suitable can-
didate for high-performance electronics.

3. Conclusion

We have developed a salt-assisted CVD technique to grow 2D 
single crystal Bi2O2Se with monolayer to multilayer thickness at 
a low temperature of 500 °C. The materials reveal high crystal 
quality, good stoichiometry, and excellent stability even after 
air exposure for 1.5 years. We investigated that the A1g vibra-
tional mode of four layered salt-assisted grown Bi2O2Se scat-
ters a Raman peak at 162.4  cm−1. Later, an obvious redshift 
of ≈5.7  cm−1 is recorded with an increase in the thickness of 
Bi2O2Se flakes. Moreover, the 2.4  nm thick Bi2O2Se manifests 
excellent fresh and 1.5 years of air-exposed sample stability. The 
backgated Bi2O2Se-based FET indicates n-type semiconducting 
features with a high current on/off ratio  >  107, decent carrier 
mobility of ≈287  cm2  V−1 s−1, and a carrier concentration of 

3.3 × 1011 cm−2. Considering the high crystal quality and excel-
lent air stability of salt-assisted CVD-grown Bi2O2Se for FETs, 
this work demonstrates the potential of 2D material for future 
state-of-the-art electronic devices.

4. Experimental Section
Salt-Assisted CVD Growth of Bi2O2Se on f-Mica: 2D Bi2O2Se was grown 

on the f-mica substrate using a salt-assisted CVD technique. In this 
process, Bi2Se3 and NaCl were located in the tube’s hot center furnace. 
Several 1  ×  1  cm2 mica pieces were located 14  cm downstream from 
the tube center to grow the Bi2O2Se flakes. Initially, oxygen and other 
impurity gases were exhausted by Ar gas flushed into the tube furnace 
for 10 min. During the growth procedure, the central zone was heated to 
500 °C, and the growth temperature for Bi2O2Se was fixed at 500 °C for 
30 min. Note that this growth temperature is lower than other reports in 
growing 2D Bi2O2Se.[25,28,39] Simultaneously, a mixture of O2 (10 sccm) 
and Ar gases (190 sccm) was passed through the tube furnace, and 
pressure was maintained between 350–400 Torr. Importantly, the amount 
of O2 gas played a critical role in the successful deposition of Bi2O2Se 
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Figure 3. Environmental stability of atomically thin Bi2O2Se nanosheets. a–c) Optical microscope and d–f) AFM images of freshly synthesized 
nanosheet after air exposure of 1 year and 1.5 years, respectively. g) Arithmetical mean roughness (Ra) of freshly grown Bi2O2Se nanosheets and air-
exposed samples. h) Raman spectroscopy of freshly synthesized 2D Bi2O2Se nanosheets and after air exposure of 1 and 1.5 years.
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nanosheets. Finally, the system’s temperature was cooled down naturally 
to avoid structural deformation of the grown nanosheets.

Characterization: The morphology of synthesized Bi2O2Se nanosheets 
was identified with the help of an optical microscope (SOPTOP CX40M). 
The topographical analyses, such as the thickness and roughness of 
the samples, were investigated by AFM (PSIA XE-100E). The crystal 
structure of Bi2O2Se nanosheets was initially elucidated by XRD using 
Cu Kα radiation with wavelength λ = 0.15418 nm (ARL XTRA). Later, the 
chemical composition of the samples was ensured using XPS (Thermo 
Scientific ESCALAB Xi+). Next, a detailed morphology and crystal 
structure were analyzed by using TEM (FEI Talos F200S). The Raman 
spectroscopy analysis and mapping were achieved using a 532 nm laser 
(Horiba LabRAB).

Transfer of 2D Bi2O2Se Nanosheets: For device fabrication, 2D Bi2O2Se 
nanosheets were transferred on SiO2/Si substrate by polydimethylsiloxane 
(PDMS) and polymethyl methacrylate (PMMA) assisted method. Briefly, 
a thin layer of PMMA (1200  rpm) was first coated on Bi2O2Se/mica 
for 120  s. The deposited polymer layer was then dried in the air using 
a heat treatment at 150  °C for 60  s. Later, a commercially purchased 
PDMS sheet was attached on PMMA/Bi2O2Se/mica to support the 
polymer layer. The adhesion between the tethered PDMS and polymer 
was significantly advanced by gradually heating PDMS/PMMA/Bi2O2Se/
mica at 70 °C for 120 s. The PDMS/PMMA/Bi2O2Se was peeled off from 
mica due to the hydrophilic nature of mica in H2O compared to the 
hydrophobic nature of PMMA. Later, the sample was dried at 70 °C in air 
for 120 s. Next, PDMS/PMMA/Bi2O2Se layer was attached to the SiO2/
Si substrate, followed by the gentle removal of PDMS mechanically by 
heating the sample at 120 °C. In the final step, the polymer was removed 
with acetone and cleaned the sample with water and isopropyl alcohol.

Device Fabrication and Measurements: To manufacture backgated FET, 
Bi2O2Se nanosheets were transferred onto SiO2/Si, and the thickness 
of the oxide layer was 300  nm. Initially, a standard photolithography 
procedure was adopted to define the alignment markers. Then, the device 
electrodes were designed by the standard EBL process. Briefly, a polymer 

layer of PMMA was coated on Bi2O2Se/SiO2/Si in the beginning. Later, 
the source and drain patterns were defined by EBL. After the electrode 
pattern was developed in methyl isobutyl ketone/IPA, source and drain 
electrodes were deposited using an electron beam evaporation made 
by gold/chromium (Au/Cr, 100 nm/5 nm). After a lift-off procedure, the 
devices were annealed at 150 °C in a vacuum (under an Ar pressure of 
300 Torr) for 2 h to remove photoresist residues and improve the quality 
of the contact. The Bi2O2Se-based FET performance was estimated by 
Keithley 4200 semiconductor property analyzer. The FET figure of merits, 
such as field effect mobility, carrier concentration, and threshold voltage, 
were extracted from the transfer characteristic curves. Specifically, the 
field-effect mobility of Bi2O2Se-based-FET was analyzed by extrapolating 
of transfer curve and by using the expression μ = L/WCiVD  × dID/dVG. 
The capacitance per unit area (Ci) was calculated by Ci = εrεo/d ; where 
εr is the relative permittivity of SiO2, and its value was 3.9, εo is the 
permittivity of free space (8.85 × 10−12 F m−1), and d is the thickness of 
the oxide layer (300 nm). The charge carrier concentration of the device 
was extracted by n = IdL/qWVdμ; where q is the charge of an electron. 
The threshold voltage value was calculated by the intercept of the linear 
extrapolation of the transfer curve at the maximum slope.
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Figure 4. The electrical performance of Bi2O2Se-based FET device. a) Schematic design of backgated Bi2O2Se nanosheet-based FET. b) The inset of 
the figure represents the typical optical microscopic image of Bi2O2Se nanosheet-based FET with a width (W) and channel length of 45.6 and 80.6 µm, 
respectively, whereas the output curves (ID–VD) as a function of gate voltage (VG) are shown in the main figure. c) The transfer curves (ID–VG) of the 
device in linear and logarithmic scale at VD of 5 V. d) The transfer family curves of the FET device as a function of VD are represented in linear scale, 
whereas e) depicts these curves in logarithmic scale. f) The current on/off ratio of the device as a function of VD represents a maximum value of 107.
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