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ABSTRACT

Thermal transport and energy dissipation are important for a material in both thermoelectric and electronic devices. Here, we investigate the
lateral and interfacial thermal transport of two-dimensional (2D) Bi,O,Se by Raman spectroscopy. It is found that thin Bi,O,Se flakes have a
low in-plane thermal conductivity while maintaining an appropriate interfacial thermal conductance. The in-plane thermal conductivity of
Bi,0,Se decreases with decreasing thickness, to as low as 0.92 = 0.18 W-m "K' at a thickness of ~8 nm. Such a low thermal conductivity
is derived from the low phonon group velocity, strong anharmonicity, and large surface scattering of acoustic phonons of the Bi,O,Se thin
layer. Simultaneously, thinner Bi,O,Se presents a higher thermal dissipation to the substrate than the thicker counterparts in the device. The
interfacial thermal conductance increases with decreasing thickness, and reaches ~21 MW-m 2K~ at ~8 nm. These results provide critical
information for the design of thermoelectric devices with high figures of merit and electronics with low-power consumption based on 2D

materials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123682

Thermal transport in two-dimensional (2D) materials has
attracted extensive research interest because it is crucial in determining
their potential applications in thermal management, nanoelectronics,
and thermoelectric devices."” Some 2D materials are well-known for
their high in-plane thermal conductivity. For example, the thermal
conductivity of graphene is ~5300 W-m ™ "-K ' because of the long
phonon mean free path (MFP) and the high group velocities of acous-
tic phonons.” On the other hand, a low thermal conductivity is also of
great importance as it can increase the thermoelectric figure of merit
(ZT) and thereby improve the thermoelectric conversion efficiency.’
Two-dimensional Pb,Se; and InSe flakes have been demonstrated to
have a low in-plane thermal conductivity (1-3 W-m~ K™ Y). These
values are comparable to the thermal conductivity of bulk thermoelec-
tric materials." However, to realize the application of 2D materials in
thermoelectrics, a lower thermal conductivity would provide a better
device performance.” To achieve an ultralow thermal conductivity,
materials are required to have a low phonon group velocity and strong
anharmonicity. Recently, an emerging 2D semiconductor, Bi,O,Se,
has attracted widespread attention because of its superior electrical
transport properties.” Substitution of selenium atoms with oxygen

could eliminate the metal surface state of Bi,Se; and introduce a trans-
formation from a topological insulator to a high mobility
semiconductor. The opening of the bandgap could also give Bi,O,Se a
larger Seebeck coefficient than Bi,Ses, which would make it a potential
high-ZT thermoelectric material.

Herein, thermal transport behaviors including the in-plane and
interfacial thermal conductance of 2D Bi,O,Se are measured by using
micro-Raman spectroscopy as a non-contact technique."” We found
the in-plane thermal conductivity of Bi,O,Se flakes decreases with
decreasing thickness, exhibiting a low thermal conductivity of
0.92 +0.18 W-m "K' at a thickness of ~8 nm. This is much lower
than the in-plane thermal conductivity of common 2D materials such
as MoS, and black phosphorus.”* The low thermal conductivity of
Bi,O,Se was expected by the theoretical calculation (0.66 W-m LK
for the monolayer)” and experimentally demonstrated by measuring
the thermal conductivity of pressed powders (~1.1 W-m ™~ *.K").'*"
However, the barriers between powder to powder would increase the
resistance and affect the precision of the measurements. In our study,
we employ individual Bi,O,Se flakes to carry out the measurements.
The low thermal conductivity of the Bi,O,Se thin flake originates from
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the low phonon group velocity, strong anharmonicity, and large sur-
face scattering of acoustic phonons. Moreover, the interfacial thermal
conductance of the Bi,O,Se and substrate (SiO,/Si) is also thickness
dependent. Contrary to the in-plane thermal conductivity, 2D Bi,O,Se
flakes have higher interfacial thermal conductance values than the
bulk counterparts, which is due to the larger interface adhesion energy
of thinner flakes.

As shown in Fig. 1(a), layered 2D Bi,O,Se exhibits a tetragonal
structure and space group symmetry I4/mmm (a=b=3.88A,
c=12.16 A). The [Se]>"" layers are sandwiched between strong cova-
lently bonded oxide [Bi, Oz]fl"+ layers by a weak electrostatic interac-
tion. Two-dimensional Bi,O,Se flakes with controlled thicknesses
were synthesized on a mica surface by chemical vapor deposition
(CVD) methods [Fig. 1(b)]. The detailed fabrication processes are
described in the supplementary material. As shown in Fig. 1(c), the as-
grown Bi,O,Se flakes have a square shape and exhibit a large domain
size of 10-20 um. An AFM image [Fig. 1(d)] shows that the roughness
of the surface of the as-grown flake is ~0.5nm and the thickness is
~6nm. Other Bi,O,Se flakes with different thicknesses ranging from
8-40 nm were synthesized and are displayed in Fig. S1(a)-S1(e). The
Bi,O,Se flakes were transferred onto a 300 nm SiO,/Si substrate or a
regular Cu grid by using the PMMA-mediated method for further
investigation [Fig. S2(a)]. Clear signals of Bi, Se, and O were detected
by energy-dispersive X-ray spectroscopy (EDX). Quantitative analysis
showed a 2:1 atomic ratio for the Bi and Se stoichiometry [Figs. 1(e)
and S1(f)-S1(h)].

According to the group theory, there are four Raman modes
expected for Bi,O,Se: Eé, Ajg, Big, andE2."” Only the Ay,
(~157 cm ') mode is observed in our samples, gecause the Bj4 and Eg
peaks are too weak and the low frequency E! mode is outside the
detection range of our equipment [Fig. 1(f)]. This result is consistent
with a previous report.'” The Raman spectra of Bi,O,Se with the tem-
perature ranging from 50-300 K are shown in Fig. 1(g), which shows
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continuous redshifts with increasing temperature. The frequency of
the Raman mode can be expressed as w(T) = wg +  x T, where w,
is the frequency of Aj; at 0K and y is the temperature coefficient. The
extracted temperature coefficient for ~8nm Bi,0,Se is g
=0.0167 cm™ /T, which is slightly larger than the few-layer sample of
MoS, (0.0132cm ™ /T for the Ay mode) and the WS, monolayer
(00149cm /T for the Ay mode) and the bulk Bi,O,Se
(0.0125cm™Y/T).”"* The large temperature coefficient of the Ajg
mode arises from the anharmonicity in the interatomic potential
energy caused by the phonon-phonon interactions. The A;g; mode in
thinner Bi,O,Se has a stronger temperature response than in the
thicker counterparts because it suffers less vibrational restriction from
the weak interlayer interactions.'* Figure 1(h) summarizes the Raman
frequencies of four Bi,O,Se flakes with different thicknesses versus
temperature. Since the shift of the Raman peak shows a good linear
relationship with the change of temperature, it is valid to deduce the
temperature of the samples based on the peak shift.

In the optothermal Raman measurements, a focused laser beam
serves as a steady-state heat source to heat the sample suspended on a
Cu grid [inset of Fig. 2(a)]. The in-plane thermal conductivity can
then be deduced considering the temperature distribution determined
by the power of the incident laser. With increasing laser power (p), the
increased temperature causes red shifts (w) of the Raman peak
[Fig. 2(a)]. Notably, Aw/Ap increases with decreasing thickness. For
~8nm Bi,O,Se, the A;; Raman peak presents a significant shift of
~1.5cm ! even at a relatively low laser power of ~37 uW. The
Aw/Ap ratio is much higher than the other 2D materials, indicating a
lower in-plane thermal conductivity.7 For bulk Bi,O,Se (~40 nm), the
peak shift is ~1.5cm ! when the laser power reaches ~110 uW,
showing a higher in-plane thermal conductivity. According to the
measured temperature coefficient y, the temperature distribution of
the sample at a certain power can be calculated. The energy transport
in the sample (at the steady-state heating condition) is governed by
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FIG. 1. CVD growth and characterization of Bi,O,Se flakes. (a) Crystal structure of Bi,O,Se. (b) Schematic illustration of a CVD system used in 2D Bi,O,Se synthesis. (c)
Typical optical microscopy image of Bi,0,Se flakes grown on a mica substrate. (d) AFM image of a typical Bi,O,Se flake with a thickness of ~6 nm. (e) EDX spectrum of a
typical Bi,O,Se flake. The inset shows a scanning electron microscopy image. (f) Raman spectrum of a typical Bi,O,Se flake. The inset illustrates the Aqq vibration mode of.
(9) Raman frequency evolution Bi,O,Se flake with a thickness of ~20nm at four different temperatures. (h) First-order temperature coefficient of Bi,0,Se flakes extracted

from the shifts of Aj; modes. The experimental results are fitted using linear functions.
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FIG. 2. In-plane thermal conductivity of Bi,O,Se flakes. (a) Power dependence of
the Ay peak frequencies of Bi,0,Se flakes with different thicknesses. (b) 3D
numerical modeling of the heat conduction at the steady state. Temperature and
Raman intensity distribution in the space domain are shown. (c) The average tem-
perature rise of the ~8nm Bi,O,Se flake with increasing thermal conductivity at
the steady state. (d) Extracted in-plane thermal conductivities of Bi,O,Se flakes
with different thicknesses.

kV2AT +1=0, 1)

where AT (K) is the temperature rise. £ (W-m ™ "-K™') is the in-plane
thermal conductivity. I is volumetric Gaussian beam heating

I r? z
I(r,z) = ﬁexp (— %> exp (— E), (2)

where r is radial position from the grid center [Fig. S2(a)]. 7 is the
laser absorption depth. The measured absorptivity for ~8 nm Bi,O,Se
is ~14.0% [Fig. S2(b)]. Iy = P/ nrg is the power density at the center
of the laser spot. ry (um) is the radius of the laser spot, which is
obtained from fitting the experimental data with an error function.
The details are shown in Figs. S2(c) and S3. As shown in Fig. 2(b), the
temperature rise at the steady state is calculated via a 3D numerical
modeling based on the finite volume method. The Raman intensity
weighted average temperature rise over space (AT |ipeoretica) 1S
obtained. This simulation process is performed for different x values
to determine the theoretical curve of AT against k. 5 Figure 2(c) shows
the temperature rise of ~8 nm Bi,O,Se under the steady state heating
in our model. The 9ppsory /OT for the ~8 nm Bi,O,Se is around 0.041
UW/K. When the absorption power of the sample reaches 10 uW, the
temperature rise is around 300 K. The x of Bi,O,Se at the thickness of
~8nm is calculated to be 0.92 + 0.18 W-m™ K. This value is much
lower than the thermal conductivity of Bi,Te; (~1.5 W-m LK,
which is one of the most efficient thermoelectric materials.'® The low
in-plane thermal conductivity of 2D Bi,O,Se would originate from the
low phonon velocity and strong anharmonicity. It should be noted
that the thermal conductivity arises from both electrons and phonons.
The contribution of electrons (k, = Lo T) to thermal conductivity is

ARTICLE scitation.org/journal/apl

strongly dependent on the Lorenz number (L) and electrical conduc-
tivity (¢). Due to the relatively large resistivity (p > 107°Q-m) of a
semiconductor, the contribution from electrons is negligible. The
majority of the thermal conductivity is contributed by phonons, which
is the lattice thermal conductivity (i), determined by’

L)

KL= 30Vt (3)
where v, is the group velocity, c, is the specific heat, and 7 is the pho-
non relaxation time. The lattice is simplified to a model wherein balls
are connected by springs. The atoms correspond to the balls with an
average mass, M, and the restoring force is F. So, the phonon group
velocity v, depends on (F/M) 12, According to the crystal structure of
Bi,O,Se [Fig. 1(a)], the Se square arrays are sandwiched between cova-
lently bonded oxide layers (Bi,O,). The radii of Bi*" and Se?~ ions are
1.03 A and 1.98 A, respectively, while the distance between Bi and Se
in Bi,O,Se is 3.272 A. As rgi_g. > rgs+ + rse-, which indicates that Bi
and Se are held by a weak electrostatic interaction.” This results in a
small restoring force (F). At the same time, the average mass (M) is
relatively large due to the large atomic mass of Bi atoms. Therefore,
the low group velocity results from the weak bonding strength and
heavy atomic mass. For comparison, the bond length of Bi-Se in
BiSe; is 2.891 A and 3.034 A, smaller than that in Bi,O,Se.” This indi-
cates that the existence of oxygen atoms further reduces the interaction
between Bi and Se, hence leading to the lower thermal conductivity of
Bi,O,Se than Bi,Ses.

In addition, lattice anharmonicity causes inherent scattering in
materials, which reduces the relaxation time of phonons. The strong
anharmonicity will significantly increase the scattering and lower the
phonon relaxation time.'® This generates a low thermal conductivity.
The Gruneisen parameter (y), which reflects the degree of phonon
vibration deviating from the harmonic oscillation in a lattice, is often
referred to as an anharmonic parameter. The y of Bi,O,Se can be cal-
culated by the following equation:'’

3/1+w
=553, ) (4)
2\2-3v,
vy is the Poisson’s ratio which has the following relationship with the
longitudinal sound velocity (v;) and transverse sound velocity (v

11— 2(1/3/1/1)2

C2—2(v/w)* )

Vp
For bulk Bi,O,Se, v; is 3541.6 m/s and v, is 1637.4 m/s.”’ The calcu-
lated value of y is 2.2, which is higher than those of the thermoelectric
materials of BiCuOSe (1.5) and PbTe (1.45)."””" For Bi,Ses;, v; is
2900 m/s and v, is 1700 m/s.”” The calculated y of Bi,Se; is 1.45. We
have summarized the v;, vy, y of these materials in Table S1. This indi-
cates that the introduction of oxygen atoms greatly enhances the
system’s anharmonicity and results in the much lower thermal con-
ductivity of Bi,O,Se. The strong anharmonicity of Bi,O,Se originates
from the s> lone pair electrons on group V atom, Bi.”> Moreover, the
weaker bonding strength in Bi,O,Se can be perceived as a stress buffer
to dissipate lateral phonon transport.
The x values of Bi,O,Se with different thicknesses are shown in
Fig. 2(d). With the thickness decreasing from ~40 to ~8nm, x
decreases from 1.91 = 0.24 to 0.92 = 0.18 W-m™~ "K', The thickness
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dependence of thermal conductivity in Bi,O,Se flakes is derived from
the strong surface scattering of acoustic phonons.”* (detailed analysis
is given in the supplement.)

In addition to the in-plane thermal conductivity, the interfacial
thermal conductance of 2D materials to the substrate is also the focus
of attention.”” Interfacial thermal conductance plays a key role as the
main way of heat dissipation for electronic devices. For interfacial ther-
mal conductance measurement, electric Joule heating replaces laser
heating and Raman spectroscopy is used as a thermometer [Fig. 3(a)].
The laser power used is less than 30 uw, which does not affect the
operating temperature of the device. The inset of Fig. 3(b) depicts the
optical image of a device with a typical field effect transistor (FET)
configuration employed for measuring the interfacial thermal conduc-
tance of Bi,O,Se. The length and width of the device channel are
3-5 um. A good linear behavior is observed in the I; — V4 character-
istics of Bi,O,Se flakes with different thicknesses, indicating Ohmic
contacts between Au electrodes and Bi,O,Se [Fig. 3(b)]. As the electric
power increases, the temperature of the device rises. It gives rise to the
shift of the Raman peaks. As shown in Fig. S4(a), after applying a cer-
tain bias voltage, the characteristic Raman peaks of the Bi,O,Se chan-
nel show a significant red shift. When the same electrical power is
applied, the temperature rise of the Bi,O,Se thin layer is lower than
that of the thicker flakes [Fig. 3(c)], indicating better heat dissipation
of the thinner Bi,O,Se.

To determine the interfacial thermal conductance between the
Bi,0,Se and SiO,/Si substrate, we consider the heat transfer from top
to bottom as an equivalent thermal circuit™

AT — P X Rt0t7 (6)
Riot = Rint + Rsio, + Rsio,,si + Resi, (7)
ITC = 1/Rin. (8)
N (b) 150
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FIG. 3. Energy dissipation in the Bi,0,Se device. (a) Schematic illustration of the
device and its equivalent thermal circuit. (b) Electrical transport characteristic of
devices built on Bi,O,Se flakes with different thicknesses. (c) Temperature varia-
tions of Bi,0,Se flakes as a function of electrical power. (d) The thickness-
dependent interfacial thermal conductance values of the Bi,O,Se-SiO,/Si system.
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Ry is the total thermal resistance calculated from the slope of Fig.
3(c). Rint is the thermal resistance between Bi,O,Se and SiO,/Si.
Rsio, = tsio, /Ksio, is the thermal resistance of SiO,, where tgp,
=300 nm and xgi0,= 1.36 W-m~"-K~! are the thickness and thermal
conductivity of SiO,, respectively. Since the thermal resistance between
Si and SiO, is extremely low (R ~ 10~° m>K-W™), Rsio, si is negligi-
ble. Rg = \/W/ 2Kg; is the thermal resistance of Si, where
W, L, ks~ 148 W-m™~ "K' are the length and width of the channel,
and the thermal conductivity of Si, respectively. The calculated interfa-
cial thermal conductance of Bi,O,Se with different thicknesses is sum-
marized in Fig. 3(d). The results show that the interfacial thermal
conductance of the Bi,O,Se and substrate has a strong thickness
dependence. The interfacial thermal conductance increases from ~5
to ~21 MW-m™ %K ' with the thickness decreasing from ~60 nm to
~8nm. The thickness-dependent interfacial thermal conductance
originates from the interfacial adhesion energy and the interfacial cou-
pling strength of the Bi,0,Se/SiO, system.

The interface adhesion energy determines the surface heat trans-
fer performance.”® For 2D materials, the strong thickness dependence
of Young’s modulus arises from the strain change caused by the large
surface-volume-ratio, especially when the thickness is less than
10 nm.”* As the thickness decreases, the increasing Young’s modulus
leads to the increase of interface adhesion.”” The increased interface
adhesion can enhance the strength of interlayer phonon-phonon cou-
pling and raise the probability (7) that phonons excited in Bi,O,Se
impinge and transfer to the substrate. This facilitates the better break-
down (BD) characteristic of thinner Bi,O,Se. Figure S4(b) shows that
the BD occurs near the drain electrode and the maximum BD power
is ~0.89 mW-um 2

In summary, we systematically investigated the lateral thermal
transport and energy dissipation in Bi,O,Se thin flakes. We find that
the in-plane thermal conductivity of Bi,O,Se decreases with reducing
thickness. A low thermal conductivity of 0.92 + 0.18 W-m "K' is
shown by the Bi,O,Se thin layer with a thickness of ~8 nm. This ren-
ders great potential for thermoelectric application. The low thermal
conductivity results from a low phonon group velocity, strong anhar-
monicity, and large surface phonon dispersion in the 2D Bi,O,Se thin
layer. The operating temperature as a function of electric power in the
Bi,0,Se device was also investigated. Different from the in-plane ther-
mal conductivity, the interfacial thermal conductance between
Bi,0,Se and SiO,/Si increases with decreasing thickness. Because of
the larger interface adhesion energy, Bi,O,Se thin layers show better
heat dissipation than their thick counterparts. These results provide
critical information for the design of the Bi,O,Se-based high figure of
merit thermoelectric and low-power electronics devices.

See the supplementary material for the detailed optical images,
AFM data, EDX data, SEM, spot size, optical absorption coefficients,
and Raman frequency evolution.
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