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a b s t r a c t

Bi2O2Se, as a novel two-dimensional (2D) material, is attracting much attention owing to unique elec-
trical and optoelectrical properties. Particularly, 2D Bi2O2Se with high mobility and a suitable bandgap
has been predicted to be a promising thermoelectric material. Here, we performed systematic investi-
gation of thermoelectric properties of 2D Bi2O2Se through both experimental measurements and
theoretical calculations. It is found that the post-growth 2D Bi2O2Se nanoplates exhibit semi-metallic
behavior because of existence of oxygen vacancies. Furthermore, vacancy engineering through anneal-
ing, which effectively tunes the concentration of oxygen vacancies, can significantly enhance the Seebeck
coefficient of 2D Bi2O2Se (30e90 mV/K) and the power factor (1e2.7 mW/cm/K2), competitive as an air-
stable oxide thermoelectric material. Our results not only demonstrate the promising power factor of
2D Bi2O2Se, but also provide a general and alternative strategy of vacancy engineering for tuning the
thermoelectric properties of low-dimensional materials.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction 2D Bi2O2Se. Also, thermoelectric properties in the high working
2D materials, in which electrons and phonons are restricted to a
disparate 2D interlayer lattice, have been considered as promising
thermoelectric materials due to their unique electronic and ther-
mal properties. [1e4] Bi2O2Se, as an emerging 2D material, attracts
much attention owing to intriguing electrical and optoelectronic
properties [5e16]. For thermoelectric applications, bulk Bi2O2Se,
with a similar structure as oxide thermoelectric materials [17,18]
and low lattice thermal conductivity [19e22], has been studied
extensively [23e25].

2D Bi2O2Se nanoplates are predicted to have a high power factor
(PF) for thermoelectrics because of its ultrahigh mobility and
appropriate bandgap [5,26,27]. Besides, it has been demonstrated
in previous works that 2D Bi2O2Se nanoplate exhibits a low thermal
conductivity (~1 W/m/K) due to low phonon group velocity and
large Gruneisen parameters [21,22]. Gate-tunable high PF was
observed in the planar grown Bi2O2Se nanoplate at low tempera-
ture (80e200 K), which was transferred by the poly-
methylmethacrylate (PMMA) method [28]. However, so far there
have been no systematic studies of the thermoelectric properties of
temperature have not been investigated.
Here for the first time, we systematically investigate the ther-

moelectric properties of 2D Bi2O2Se through both calculation and
experiment, and further tune the thermoelectric performance
through oxygen vacancy engineering. The vertically grown 2D
nanoplates inhibit the effect of polymer contamination. It is found
that the thermoelectric properties of post-growth 2D Bi2O2Se
nanoplates are dominated by oxygen vacancies, leading to semi-
metallic behaviors. In addition, because of the high surface/vol-
ume ratio of 2D material, concentration of oxygen vacancies can be
conveniently tuned through an annealing process under moderate
conditions (Fig. 1a). As a result of this vacancy engineering, the
band structures and carrier concentration can be modulated
(Fig. 1b), which serves as a very effective knob to enhance the
Seebeck coefficient and PF. Therefore, this work not only demon-
strates the promising thermoelectric properties of 2D Bi2O2Se, but
also provides a general and alternative strategy of vacancy engi-
neering for low-dimensional materials.

2. Materials and methods

2.1. First-principles calculations

To resolve the band structures of Bi2O2Se with different O-va-
cancy concentrations (from 0 to 1/16), we performed the first-
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Fig. 1. Schematic of band modulation of 2D Bi2O2Se nanoplates through vacancy engineering. (a) Schematic of vacancy engineering of 2D Bi2O2Se nanoplates. The Bi, Se, and O
atoms are shown in blue, green, and red colors, respectively. (b) Illustration of the strong dependence of band energy on the concentration of oxygen vacancy.

Fig. 2. Characterizations of Bi2O2Se nanoplates. (a) Large area SEM image of vertically grown 2D Bi2O2Se nanoplates. (b) Zoom-in SEM image of vertically grown 2D Bi2O2Se
nanoplates. (c) TEM image of a Bi2O2Se nanoplate after transferred onto a holey carbon TEM grid. (d) High-resolution TEM image of Bi2O2Se nanoplate projected along the c-axis and
inset shows an SAED pattern (inset). (e) Schematics for measuring Seebeck coefficient and electrical conductivity. (f) The dependence of Seebeck coefficient and conductivity on
temperature (inset: the fabricated device).
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principles calculations in the framework of density functional
theory (DFT) with the program package CASTEP. The transport
properties of Bi2O2Se before and after O2 annealing were calculated
by using semi-classical Boltzmann transport theory and the rigid
2

band approach as implemented in the Boltzmann transport prop-
erties (BoltzTraP) program. The calculated carrier concentration,
mobility, electrical conductivity and Seebeck coefficient as a func-
tion of temperature are shown in Figs. S5 and S6, respectively.



Fig. 3. Band structures and total density of states of Bi2O2Se with different oxygen vacancies. (a) Band structures of Bi2O2Se with different oxygen vacancies. (b) Total density of
states (TDOS) of Bi2O2Se with different oxygen vacancies. The numbers 1/16, 3/64, 1/32, and 1/64 represent the concentration of oxygen vacancies relative to fully occupied Bi2O2Se.
W/O represents the one without oxygen vacancy.

Fig. 4. Schematic of oxygen atoms filling vacancies and characterizations of Bi2O2Se nanoplates before and after O2 annealing. (a) Schematic of vertically grown Bi2O2Se
nanoplates annealing in O2 atmosphere. (b) Schematic of oxygen atoms filling vacancies. (c) Auger electron spectra of comparison of changes in oxygen content before and after O2

annealing. (d) Raman shift of 2D Bi2O2Se nanoplate before and after O2 annealing.
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2.2. Device fabrication

PMMA was spin-coated on a SiO2/Si substrate carrying Bi2O2Se
nanoplates. Electron beam lithography (EBL) was used to define the
electrode patterns. With the predesigned pattern appeared, metal
electrodes (Pd/Au, 10 nm/60 nm) were deposited by the electron
beam evaporation (EBE) and PMMA was removed.

For characterizations of the Bi2O2Se nanoplates, optical micro-
scope (Eclipse LV100D; Nikon), scanning electronmicroscope (SEM,
Helios NanoLab 600i; FEI), transmission electron microscope (TEM,
Tecnai F20; FEI), atomic force microscope (Cypher AFM; Oxford
Instrument, Inc), Auger electron spectroscopy (AES, ULVAC-PHI
3

710), Hall effect system (LakeShore 8404), and Raman spectrum
(Renishaw inVia Raman microscope) are performed.

3. Results and discussion

The Bi2O2Se nanoplates in this study are obtained through seed
layer-assisted chemical vapor deposition (Fig. 2a). Those Bi2O2Se
nanoplates are grown vertically on the substrates of cleaved fluo-
rphlogopite mica (Fig. 2b), making them ideal for convenient and
clean transfer, one of critical requirements for thermal measure-
ments without contaminations or effects from substrates of
growth. The TEM examination (Fig. 2c) reveals that those



Fig. 5. Thermoelectric measurements of post-annealing Bi2O2Se nanoplates. (a) Micro-fabricated device of the Bi2O2Se nanoplates after treatment. (b, c, d) The dependence of
measured conductivities, Seebeck coefficients, and PFs on the temperature of measurement.
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nanoplates have a lattice spacing of 0.27 nm (Fig. 2d), consistent
with the theoretical value of lattice constant of (110) Bi2O2Se [5e9].
The selected area diffraction (SAED) pattern (inset) confirms the
high crystal quality with tetragonal structure of Bi2O2Se.

For the measurement of thermoelectric properties, Bi2O2Se
nanoplates were transferred onto clean 285 nm SiO2/Si substrates
for EBL and EBE (Fig. 2e, details in Methods) [29]. The thickness of
Bi2O2Se nanoplates was typically 13 nm, as determined by
AFM (Fig. S1). It is found that the electrical conductivity of the
Bi2O2Se nanoplate (inset of Fig. 2f) directly after growth approaches
1.5 � 105 S/m at room temperature. The electrical conductivity
drops gradually as the temperature increases, exhibiting a semi-
metallic behavior [30]. It does not correspond to the intrinsic
semiconducting behavior of Bi2O2Se with a bandgap of 0.8 eV [5,7].
The highest Seebeck coefficient of these post-growth Bi2O2Se
nanoplates is �30 mV/K, indicating the n-type behavior.

To reveal the fundamental mechanism governing the thermo-
electric performances of these Bi2O2Se nanoplates, we performed
theoretical calculations by DFT. It is found that O vacancies can shift
the Fermi level deeply into conduction band, and consequentially
lead to semi-metallic behavior. The density of states and band
structures of different oxygen contents are shown in Fig. 3, inwhich
the fraction represents the oxygen vacancy proportion. It is clear
that there is no visible change in the total density of states near
Fermi level with or without oxygen vacancy. However, as the
concentration of oxygen vacancy increases, bandgap of Bi2O2Se
nanoplate monotonically decreases (Fig. 3a). In addition, as the
Fermi level shifts deeply into the conduction band, carrier con-
centration near Fermi level increases. Therefore, it is clear that
significant amount of oxygen vacancies in the original post-growth
Bi2O2Se nanoplate results in reduced band gap, increased carrier
concentration, and decreased Seebeck coefficient. It also indicates
4

that the modulation of oxygen vacancies will be the key to enhance
Seebeck coefficient as well as the PF of these Bi2O2Se nanoplates.

Due to the large surface/volume ratio, it is more effective to
achieve vacancymodulations for the Bi2O2Se nanoplates, compared
to the bulk counterparts. Further calculation indicates that it is
energetically more favorable for oxygen vacancies to exist on the
surface of Bi2O2Se nanoplates rather thanwithin the bulk (Table S1,
Figs. S2 and S3). The dominant existence of oxygen vacancies on the
surface, together with high surface/volume ratio of 2D nanoplates,
offers unique advantage for vacancy engineering through annealing
processes [13,31e33]. As illustrated in Fig. 4a, the mica substrate
with vertically grown nanoplates is placed into the center of the
quartz tube at 300�C for 2 h with 100 sccm oxygen gas. As oxygen
gas molecules can conveniently reach the surface of these nano-
plates, and it is energetically favorable for them to fill the oxygen
vacancies (red dash circles), the oxygen vacancies can be reduced
significantly through this process (Fig. 4b).

AES serves as a sensitive measurement to examine the changes
in element content before and after annealing, as shown in Fig. 4c
[34,35]. Quantitatively, it is found that annealing in O2 atmosphere
increases the content of oxygen by 6%. Raman spectrum (Fig. 4d) by
a 632.8 nm laser indicates the characteristic A1g peak position
(~159 cm�1) of the vertically grown sample, corresponding well
with prior works [5e9]. After annealing in the O2 atmosphere, the
redshifted peak position indicates the decreased O-vacancy, which
is consistent with the AES data.

As the decrease in O-vacancy can enlarge the bandgap and shift
the Fermi level to the bottom of the conduction band, it is expected
that vacancy engineering through annealing can enhance the See-
beck coefficient of n-type Bi2O2Se by tuning the carrier concen-
tration (S~(p/3n)2/3). The corresponding experiments and
calculations of the carrier concentrations and mobilities of the
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Bi2O2Se nanoplates are shown in Figs. S4 and S5. Consistent with
our calculations, the Bi2O2Se nanoplates show decreased carrier
concentration and increased mobility after annealing, indicating
the reduction in oxygen defects.

To verify the effect of oxygen vacancy concentration on ther-
moelectric performance, we compared the thermoelectric proper-
ties of post-growth and post-annealing nanoplates (Fig. 5). Unlike
the post-growth nanoplates’ metallic behavior, the temperature
dependence of conductivities of the post-annealing nanoplates
(Fig. 5a) exhibits a semiconducting behavior (Fig. 5b), that the
conductivity increases slowly with the rising temperature. The
highest conductivity of nanoplates after annealing is 6.8 � 104 S/
m at 450 K, which is reduced by 30% compared to that of post-
growth nanoplates at the same temperature. The highest Seebeck
coefficient of approximately �90 mV/K for the post-annealing
nanoplate is more than a threefold enhancement compared to the
post-growth ones at the same temperature (Fig. 5c). This experi-
mental observation matches well with the calculated conductivity
and Seebeck coefficient based on the oxygen vacancy concentration
characterized by Auger electron spectra, as shown in Fig. S6.

The significant increase in Seebeck coefficient of post-annealing
nanoplates, compared to the post-growth ones, also leads to
enhanced PF. As shown in Fig. 5d, although the PFs of both post-
growth and post-annealing nanoplates increase monotonically
with the increasing temperatures, the PF of the nanoplate after
annealing preserves a higher value over the entire temperature
range. The highest value of PF reaches 2.7 mW/cm/K2 at 360 K for
nanoplates after annealing, which is closed to a threefold increase
compared to the post-growth one, and comparable to the best
value of doped bulk Bi2O2Se reported [24,25,36,37]. This effect of
vacancy engineering is consistently observed in multiple nano-
plates and experiments, as shown in Fig. S7. Considering that the
thermal conductivity of the Bi2O2Se nanoplates is as low as 1 W/m/
K at room temperature, the high PF demonstrated experimentally
identifies the Bi2O2Se nanoplates as promising thermoelectric
materials [21,22,38]. Through both calculations and experiments, it
is confirmed that vacancy engineering by annealing can serve as an
effective knob to tune the PFs of 2D Bi2O2Se nanoplates. Therefore,
it provides an alternative and complementary strategy to improve
the performance of low-dimensional thermoelectric materials.
4. Conclusion

For the first time, we systematically investigate the thermo-
electric properties of the 2D Bi2O2Se nanoplates through both cal-
culations and experiments. It is found that these nanoplates
directly out of growth exhibit typical semi-metallic behavior, as a
result of large amount of oxygen vacancies created during the
growth. By taking advantage of high surface/volume ratio of these
2D nanoplates, the concentration of oxygen vacancies can be
effectively tuned through an annealing process, which leads to
significant increase in the Seebeck coefficient and PF. Therefore,
these results not only demonstrate the promising thermoelectric
properties of 2D Bi2O2Se, but also provide a general and alternative
strategy of vacancy engineering for other low-dimensional
materials.
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