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Abstract Defect engineering represents one degree of freedom to tune the physical and chemical properties
of two-dimensional (2D) materials. Here, we demonstrate that the thermal and electronic properties of 2D
BiaO2Se can be optimized simultaneously by introducing oxygen defects. 2D BiaO2Se and its oxygen-
deficient counterpart (Bi2OgzSe, © < 2) can be controllably synthesized by the chemical vapor deposition
(CVD) method. By introducing oxygen defects, the thermal conductivity of 2D BizO2Se is reduced by nearly
three times, achieving an extremely low thermal conductivity of 0.68 £+ 0.06 W/mK at room temperature
via the thermal bridge technique. This low thermal conductivity is enabled by the scattering of phonons
by targeting of high-, mid-, and low-frequency phonons due to oxygen defects, strong anharmonicity, and
nanostructure boundaries, respectively. Meanwhile, the mobility is also improved to 260-500 cm?2.V—1.s~1
and the usual polar optical phonon scattering in 2D BisO2Se is weakened owing to the introduction of oxygen
defects. Our results promise potential applications for thermoelectric design, nanoelectronics, and thermal
barrier coating devices based on emerging 2D materials.
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1 Introduction

The emergence of two-dimensional (2D) materials, such as graphene and transition-metal dichalcogenides
(TMDs), has attracted broad interest in many research fields [1,2]. The unique van der Waals stacking
of 2D materials breaks the limitation of traditional bulk materials and opens up numerous competitive
applications in electronics, optoelectronics, and thermoelectrics [3-5]. However, in these applications,
performance is constrained by their thermal properties, which directly affect the heat dissipation in
electronic devices and energy conversion efficiency in thermoelectric devices [6]. For example, on the one
hand, the high thermal conductivity of graphene (<5000 W/mK) and h-BN (~800 W/mK) is beneficial
for alleviating the issue of Joule heating [7,8]. On the other hand, low thermal conductivity is also
essential for thermal barrier coatings and for thermoelectrics to maintain high temperature gradients to
achieve high efficiency [9,10]. To this end, effective methods to tune the phonon transport and thermal
properties in 2D materials are crucial.

Many strategies have been formulated to suppress thermal conductivity, such as resonant scattering
by localized rattling atoms, interface scattering by reducing grain size, artificial superlattices, isotope
engineering, and defect engineering [11,12]. Among these, defect engineering is almost always the most
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effective way to regulate phonon transport and thermal conductivity, which could largely decrease the
total relation time of phonons over a broad range of phonon frequencies [12-16]. As reported in many
recent studies, the alteration of phonon transport by defect engineering has been widely demonstrated in
2D materials. For example, the thermal conductivity of graphene can be reduced by 90% by introducing
defects with oxygen plasma treatment [14]. In transition metal dichalcogenides (TMDCs), Zhao et al. [15]
proved that helium ion (He™) irradiation-induced Mo vacancies greatly impede phonon transport and
result in a large reduction of 80% in thermal conductivity. Aiyiti et al. [16] demonstrated that the phonon
transmission coefficient of the defective MoSs can be decreased significantly for nearly the entire phonon
frequency range. Among numerous 2D materials, BisO2Se has attracted extensive attention owing to
its high carrier mobility, moderate band gap, excellent mechanical properties, and outstanding stability
in the ambient environment [17,18]. Compared with graphene, 2D TMDs, and other 2D materials, the
intrinsic low group velocity and strong anharmonic phonon scattering make BioO2Se a promising material
for applications in thermoelectrics and thermal barrier coatings [19,20]. Although defect regulation in 2D
BiyO2Se has shown good effects in tuning electronic and optoelectronic properties, a direct experimental
demonstration of defect regulation in phonon transport and thermal conductivity of 2D BisOsSe is still
lacking [21,22].

In this work, we experimentally probed the effect of oxygen defects on the thermal transport in BioOsSe
by employing the traditional thermal bridge method. We found that the thermal conductivity of BioO,Se
can be significantly reduced by introducing oxygen vacancies and that the room-temperature thermal
conductivity reaches as low as 0.68 £ 0.06 W/mK, which is nearly three times lower than BioOsSe (1.2
1.9 W/mK in our experiment). Furthermore, Bi»O,Se shows relatively weak temperature-dependent
thermal conductivities compared with BisOsSe due to dominant defect-phonon scattering. Unlike the
usual defect-induced phonon scattering that decreases both the electrical conductivity and carrier mo-
bility, the carrier mobility of BioO,Se is observed to significantly increase. To elucidate the scattering
physics, we measured the temperature-dependent electric transport of both BisO,Se and BizOsSe. By
introducing oxygen defects, the dominant scattering mechanism changes from polar optical phonon scat-
tering (POP) in BisO2Se to acoustic phonon scattering (AP) in BisO,Se, leading to room-temperature
carrier mobility ranging between 260-500 cm?-V—1.s71,

2 Results and discussion

As shown in Figure 1(a), BizO2Se has a tetragonal structure with 14/mmm (a = b = 3.88 A, ¢ = 12.16 A)
space symmetry group, where [Bi2Os], layers and [Se],, layers are combined with weak electrostatic
interactions [17]. Figure 1(b) shows an optical image of few-layer BisO2Se with 20-30 um domain size
grown using the low-pressure chemical vapor deposition (CVD) method. The AFM image exhibits a
uniform surface with a thickness of 10.1 nm. In addition to the square flakes, right-angled triangular
flakes are also observed in the grown BisOsSe samples, as shown in Figure 1(c). As previously reported
by Li et al. [23], such triangular flakes originate from a different growth kinetic process owing to O
deficiencies, which then result in nonstoichiometric BisO,Se. At high growth temperatures, the high
migration of adatoms leads to a thermodynamically stable growth process, which produces stoichiometric
Bis OsSe flakes. At low growth temperatures, triangular BioOsSe tends to grow in the vertical direction
along the (110) plane to lower the system energy, and the absence of oxygen atoms makes the growth
process thermodynamically unstable, resulting in nonstoichiometric BioO,Se flakes. And the proportion
of the square and triangle samples can be controlled by tuning the growth temperature. The detailed
CVD growth progress can be found in Figure S1. The Raman spectra comparing BioO2Se and BisO,Se
measured are shown in Figure 1(d), where a prominent A;, Raman mode at approximately 158.2 cm™? is
observed in Bi»O2Se arising from the Bi-O layer [24]. For Bi;O,Se, the A, Raman peak shows an obvious
redshift to approximately 161.36 cm~! [25]. This redshift originates from reduced phonon vibration due
to the introduction of oxygen atom vacancies, which indicates a decrease in lattice thermal conductivity.

To investigate the bonding strength after introducing oxygen defects, we characterized BioO2Se and
Biy O, Se using X-ray photoelectron spectroscopy (XPS), which is sensitive to chemical bonds (Figures 1(e)
and S2). In BizO3Se, two symmetric peaks of Bi 4f; /5 and Bi 4f; ), were centered at 163.94 and 158.65 eV,
respectively, which is consistent with [26]. In Bi»O,Se, the Bi 4f;/, and Bi 4f;/, peaks were measured at
163.5 and 158.2 eV, respectively. Here, the lower binding energy observed is attributed to the increase in
the outer shell electron density of Bi and the increased shielding effect of the outer shell electrons on the
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Figure 1 (Color online) Characterization of BizO2Se and BizO,Se flakes. (a) Crystal structure of BioOsSe; (b) optical (scale

bar: 10 pm) and AFM images (scale bar: 2 pum) of the as-grown square BipO2Se flake; (c) optical (scale bar: 20 um) and AFM

images (scale bar: 3 um) of the as-grown triangular Bio O, Se flake; (d) Raman spectroscopy of the A, vibration mode of BioO2Se

and Bia O, Se; (e) Bi 4f spectra of BioO2Se and Bi2O,Se with Gaussian fitting; (f) and (g) EDS spectrum in TEM of BizO2Se and

Biz O, Se nanosheets.
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Figure 2 (Color online) Thermal transport of BizO2Se and BixO,Se. (a) Thermal bridge of the transferred Bi>O,Se flake
and BixOsSe flake; (b) temperature-dependent thermal conductivity of BiaO2Se and BiaO,Se; (c) thickness-dependent thermal
conductivity of BioO2Se and Bi2O,Se compared with other thermoelectric materials: BisSes, BixTes, BiCuOSe, and SnSe.

inner shell electrons due to the oxygen defects. As a result, the bonding energy decreased, and an obvious
shift was observed. Figures 1(f) and (g) show the energy dispersive spectrometer (EDS) for transmission
electron microscopy (TEM) characterization, where the reduction in oxygen content in BisO,Se can be
clearly seen, while the Bi and Se atoms remain almost unchanged. The EDS spectrum mapping (Bi, O,
Se) in TEM of Bi;OsSe and BiO,Se is in Figures S3-S5.

To investigate the thermal transport of BioOsSe and BiyO,Se, a suspended microelectron-thermal
system (METS) was employed, which was fabricated following a process similar to a previous report by
Shi et al. [27]. A 300-nm-thick SiN, layer was used as mechanical support, and top Pt metallization of
60 nm was used as electrodes. The sensor and heater contained a Pt loop as the resistance thermometer
suspended by six long beams for thermal isolation from the substrate bulk. For thermal isolation from
the substrate, both the sensor and heater were suspended using six long beams. The BisOsSe and
Biy O, Se flakes were then transferred onto METS using a poly(methyl methacrylate) (PMMA)-mediated
method and thereafter loaded into a cryostat for thermal measurements (Figure 2(a)). A direct current
(DC), Iy, was applied across the heater loop to generate a temperature gradient via Joule heating. The
four-terminal resistance loop of heater Ry and sensor Rs were acquired by the lock-in amplifiers. The
heater temperature T, and sensor temperature Ty were obtained based on Ry and Rg, which have been
calibrated previously. Based on the equivalent thermal circuit, the thermal conductance (G) and thermal
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conductivity (k) can be calculated as [27]

G_ AT (Rut1/2R,)IRAT,
T UPAT, - AT, ATE-ATZ

k=GL/A,

where R}, is the electrical resistance of each connecting beam passing the heating current Iy,. ATy, ATy
are the temperature rise of the heater and sensor, respectively. L, A are the length and cross-sectional
area of the suspended sample. The contact thermal resistance is analyzed by the fin thermal resis-
tance model [28]. Figure 2(b) shows a distinct difference in thermal conductivity between Bi;O2Se and
BisO,Se. For a 50.1-nm-thick BizO3Se flake, the thermal conductivity is 1.71 4+ 0.25 W/mK, which is
consistent with first-principles calculations and micro-Raman photothermal measurements [19,29]. For
a 71.4-nm-thick BiyO,Se flake, the thermal conductivity reaches as low as 0.68 £ 0.06 W/mK, which
is lower than that of most two-dimensional materials [5]. This reduction in thermal conductivity can
be explained by phonon group velocity and phonon scattering. In BisO2Se, Bi and O atoms are bound
together due to strong covalent interactions, and the weak electrostatic interactions of the Bi-O layer
with the Se layer are responsible for the low phonon velocity. In BisO,Se, the XPS result reveals a signif-
icantly weakened bonding energy of the Bi atom, which leads to a much lower phonon velocity and lowers
thermal conductivity. Moreover, due to the absence of O atoms, the localized vibration of adjacent Bi
atoms constitutes additional lying low-frequency optical phonon modes [30]. These low-frequency optical
phonon modes coupled with acoustic phonons and consequently suppress the phonon mean free path,
leading to low thermal conductivity. Next, we consider phonon scattering in BioO,Se. The interlayer
interaction of Bi and Se atoms causes intrinsically strong anharmonic scattering [31]. By introducing
O vacancies, the undercoordinated Bi atoms largely scatter high-frequency phonons. With a combina-
tion of nanostructure boundaries to target low-frequency phonons and inherent anharmonicity to target
mid-frequency phonons, full-spectrum phonon scattering is achieved to enable the extremely low ther-
mal conductivity in 2D BipOsSe. Figure 2(b) shows the temperature-dependent thermal conductivity
for BioOsSe and BisO,Se. Compared with BisO5Se, BioO,Se shows a relatively temperature-insensitive
thermal conductivity. In BioOsSe, phonon transport is dominated by intrinsic Umklapp scattering. As the
temperature decreases, this Umklapp scattering is weakened, and the thermal conductivity is increased.
For Bi;O,Se, phonon transport is instead dominated by phonon-defect scattering and is relatively in-
sensitive to changes in temperature. The thickness-dependent thermal conductivities of BioO2Se and
BiyO,Se are further investigated. From Figure 2(c), the thermal conductivity gradually decreases with
decreasing thickness, which can be attributed to the increased phonon boundary scattering rate [29].
Furthermore, we compared the thermal conductivity of BizO,Se, BioOsSe with thermoelectric materials:
BisSes, BizTez, BiCuOSe, and SnSe [32-36]. The low thermal conductivity makes BizO,Se a material
with great potential in the application of thermoelectrics and thermal barrier coatings.

While defects lead to a sharp decrease in thermal conductivity, the induced strong phonon scattering
often leads to a decrease in carrier mobility, which is undesirable for thermoelectric and electronic devices.
To investigate the electrical properties, we transferred BizO2Se and BizO,Se nanoplates from mica to
a 285 nm Si/SiOy substrate with a PMMA-mediated method and fabricated back-gated field-electric
transistors. Surprisingly, Bi2O,Se exhibited an even higher electric conductivity and mobility than
Bix05Se (Figures 3(a) and S6), with mobility values of Bi;O,Se reaching 260-500 cm?-V~1-s~! at room
temperature, in agreement with [37,38]. The mobility is extracted from transfer characteristics, via

w= Cl % %, where C,, is the capacitance of SiOs and L, W are length, width of the device, respectively
ox g

(Figure 3(b)). To better understand the underlying mechanism for the observed mobility enhancement,
cryogenic measurements (77-300 K) of BioO3Se and BiyO,Se were performed. Obvious metallic behavior
was observed in both BizOsSe and BizO,Se, as shown in Figure 3(c). With increasing temperature
(especially over 160 K), a sharp decrease in mobility in BioO2Se was observed, which is consistent with
previous reports (Figure 3(d)) [20]. Compared with BizOsSe, the mobility in BioO,Se decays more slowly
with decreasing temperature. The temperature dependence of electron mobility can be described by the
formula p ~ T~*. For BizOsSe, the value of \ reaches 4.0, which indicates dominant polar-optical
phonon scattering [39]. In the Bi2OsSe phonon spectrum, the acoustic branches and low-frequency
optical branches are mainly contributed by Bi and Se atoms, and high-frequency optical branches are
dominated by O atoms according to the first-principal calculation [29]. Although the high-frequency
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Figure 3 (Color online) Electronic transport of BioO2Se and Bi2 O, Se. (a) I4-V, transfer curves of BioO2Se and Biz O, Se at room
temperature; (b) comparison of room temperature carrier mobility of multi Bi;O2Se- and BizO,Se-based devices; (¢) temperature
dependence of the conductance of BizO,Se and BizO2Se; (d) temperature dependence of the mobility of BizO,Se and BixOsSe.

optical branches dominated by O atoms have little impact on heat transfer, they dominate electron
scattering at high temperatures [29]. Moreover, Liu et al. [40] revealed the fine structure distortion in
BisO3Se by polarization-dependent third-harmonic generation (THG). The rotation of O atoms (< 1.4°)
in Bi-O layers breaks the symmetry and leads to the transition from the Dy, to Cy4p point group, which
results in the polar nature of BisOsSe.

Thus, polar-optical phonon scattering becomes dominant, and strong electron-phonon scattering leads
to a sharp decrease in mobility at high temperatures. For BioO,Se, the value is reduced to 2.4, which
indicates that both optical and acoustical phonon scattering become dominant. Although oxygen vacan-
cies cause a large amount of undercoordinated Bi atoms and lead to stronger acoustic-phonon scattering,
optical-phonon scattering is the main factor that limits its intrinsic high mobility at room temperature.
The vacancy of O atoms results in the absence of some optical branches and weakens the polar-optical
phonon scattering. As a result, the mobility in BisO,Se shows a weak temperature dependence and
increases significantly at room temperature. This demonstrates the multiple functionalities of defects
in BisO9Se acting beneficially as weakening optical-phonon scattering to decrease electron-phonon scat-
tering for high mobility and blocking the acoustic phonon to suppress heat transport. The two key
parameters, thermal conductivity and electric conductivity, can be effectively decoupled by defect engi-
neering and modifying them toward higher thermoelectric properties in BioOgSe. These results provide
a new strategy for simultaneously lowering the thermal conductivity and improving the carrier mobility
in oxide thermoelectric materials, which is the prime task for realizing high-performance thermoelectrics.

3 Conclusion

In summary, we demonstrated that defect engineering can enormously affect several key properties in
BisO5Se and BiO,Se using tunable chemical vapor deposition growth BisOsSe and BisO,Se. Using
thermal bridge measurements, we revealed that oxygen defects in BioO2Se can lead to a nearly three-fold
reduction in thermal conductivity. In addition to the strong anharmonic scattering-induced intrinsic low
thermal conductivity of 2D Bis O, Se, oxygen defects introduce additional strong phonon-defect scattering
and result in an ultralow room temperature thermal conductivity of 0.68 & 0.06 W/mK. Moreover, an en-
hancement of electric conductivity and carrier mobility in BioO,Se at room temperature is observed owing
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to the switching of the dominant scattering mechanism from polar optical phonon scattering to acoustic
phonon scattering. Overall, our results demonstrated the effectiveness of defect engineering in tuning
the thermal properties and electronic properties of 2D materials, which is important for thermal man-
agement to achieve better performing thermoelectrics and nanoelectronics. Defect engineering provides
a promising strategy for the development of 2D electronics, thermoelectrics, and quantum information
sciences.
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