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Ruiqiang Guo,1,6 Puqing Jiang,2,6 Teng Tu,3 Sangyeop Lee,4 Bo Sun,5 Hailin Peng,3
and Ronggui Yang2,7,*

SUMMARY

The air-stable layered semiconductor Bi2O2Se has recently attracted
extensive interest because of its potential application in electronics,
optoelectronics, ferroelectrics, and thermoelectrics. For many of
these applications, thermal transport in Bi2O2Se is of great importance, but a complete understanding of the process remains elusive.
Here, we perform a combined experimental and theoretical study of
the anisotropic thermal conductivity of single-crystalline Bi2O2Se in
comparison with Bi2Se3. Bi2O2Se exhibits relatively higher throughplane thermal conductivity but lower in-plane thermal conductivity,
resulting in substantially smaller thermal anisotropy. This behavior
originates from the stronger interlayer electrostatic interaction in
Bi2O2Se compared with the typical van der Waals coupling in
layered materials, making the phonon isoenergy surfaces less
anisotropic and, thus, weakening phonon focusing in the in-plane
directions. Our study advances the fundamental understanding of
thermal anisotropy in layered materials with various interlayer interactions and will facilitate application of Bi2O2Se in electronics and
thermoelectrics.
INTRODUCTION
As a typical bismuth oxychalcogenide material, Bi2O2Se has recently drawn great interest because of its high mobility, tunable electronic band gap, and excellent air
stability, which make it a promising next-generation semiconductor for electronics,
optoelectronics, ferroelectrics, and thermoelectrics.1–12 The remarkable properties
of Bi2O2Se benefit from its mixed-anion chemical bonding and layered structures
with alternating tetragonal oxide (Bi2O2) and chalcogenide (Se) layers. Extensive efforts have been devoted to exploring its electrical properties.1–3,10,11,12 For
instance, ultrahigh Hall mobility at low temperatures and thickness-dependent
band gaps have been observed.1,12 By applying external strain and engineering defects, the electrical properties can be modulated significantly.11 In contrast, thermal
properties that are crucial in many applications, from the thermal management of
electronics to thermoelectric energy conversion, have rarely been studied. Polycrystalline Bi2O2Se has been measured to have low thermal conductivity, with values
varying from 0.35–1.7 W m 1 K 1 at 300 K.5,7,8,13–19 This wide range of values may
be attributed to different sample qualities and/or even the accuracy of measurement
techniques.
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common layered material, has received extensive attention because of its extreme
thermal anisotropy, with a high in-plane thermal conductivity of 2,000 W m 1 K 1
but only 6 W m 1 K 1 in the through-plane direction.20 SnSe has been reported to
possess a record-high thermoelectric figure of merit, largely because of the exceptionally low thermal conductivity in the through-plane direction.21 The layers in these
layered materials are typically stacked together by van der Waals interactions.
Bi2O2Se is synthesized by partially replacing Se atoms with O atoms in its parent
compound Bi2Se3, a widely studied Bi-based van der Waals layered thermoelectric
material with low thermal conductivity in the through-plane direction. Instead of van
der Waals interactions in Bi2Se3, a relatively stronger electrostatic force couples
the alternating layers in Bi2O2Se. How this interlayer interaction difference affects
thermal anisotropy remains unexplored.
The thermal anisotropy of layered materials is often determined by the phonon focusing
effect.22–24 Specifically, anisotropic bonding in layered materials results in non-spherical
isoenergy surfaces in the Brillouin zone. Because the group velocity vector is normal to
the isoenergy surface, the non-spherical isoenergy surfaces produce a larger decomposition of the group velocity vector in in-plane directions compared with the throughplane direction, as observed for MoS2 and WS2.24 Compared with van der Waals interaction, the stronger electrostatic interlayer interaction is expected to produce smaller
bonding anisotropy, resulting in weaker phonon focusing and smaller thermal anisotropy. A deep understanding of the underlying mechanisms governing the thermal
anisotropy in layered materials that are coupled by different forces will help to further
manipulate thermal properties, such as by constructing heterostructures. For instance,
an extremely low thermal conductivity of 0.1 W m 1K 1 was achieved in the superlattice
Bi4O4SeCl2 by combining the longitudinal acoustic (LA) phonon softening in BiOCl and
transverse acoustic (TA) softening and anharmonicity in Bi2O2Se.19 Also, controlling
coherent phonon transport using heterostructures stacked by atomically thin layers
has been demonstrated to be an effective way to dramatically change thermal
anisotropy.24
In this work, we conduct a comprehensive study on the anisotropic thermal conductivity of bulk single-crystalline Bi2O2Se in comparison with Bi2Se3 by combining
the time-domain thermoreflectance (TDTR) measurements and ab initio phonon
Boltzmann transport calculations. We reveal a much smaller thermal anisotropy in
Bi2O2Se relative to Bi2Se3, originating from the relatively stronger interlayer electrostatic interaction in Bi2O2Se compared with the typical van der Waals coupling in
Bi2Se3. The stronger interlayer bonding strength makes the phonon isoenergy surfaces less anisotropic and weakens phonon focusing in the in-plane directions.
Our study advances the fundamental understanding of thermal anisotropy in layered
materials with various interlayer interactions and will facilitate application of Bi2O2Se
in electronics and thermoelectrics.

RESULTS AND DISCUSSION
Crystal structure and lattice dynamics
Figure 1 shows the layered structures of Bi2O2Se and Bi2Se3. Bi2Se3 is a relatively
well-studied thermoelectric material and has a rhombohedral structure (space group
R3m), consisting of Se1-Bi-Se2-Bi-Se1 quintuple layers stacked by van der Waals interactions. Instead of van der Waals interactions, Bi2O2Se crystallizes in a tetragonal
structure (space group I4/mmm), with the Bi2O2 and Se layers held together by weak
electrostatic interaction. Because of the different crystal structures, Bi2O2Se and
Bi2Se3 possess markedly different phonon dispersion and density of states (DOS),
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Figure 1. Crystal structure and lattice dynamics
(A and B) Layered crystal structures of (A) Bi 2 O 2 Se and (B) Bi2 Se 3 . Compared with the van der Waals
interactions in Bi 2 Se 3 , a relatively stronger electrostatic force couples the alternating layers in
Bi 2 O 2 Se.
(C) XRD pattern of a Bi 2 O2 Se single crystal at 300 K. The characteristic peaks correspond to (002),
(004), (006), (008), and (0010) lattice planes of Bi 2 O 2 Se, indicating the pure phase of layered
Bi 2 O 2 Se.
(D and E) Phonon dispersion and DOS of (D) Bi2 O 2 Se and (E) Bi 2 Se 3 .

as shown in Figures 1D and 1E. Compared with Bi2Se3, Bi2O2Se exhibits pronounced
phonon hardening. Substitution of Se by lighter O results in a maximum frequency of
15.3 THz in Bi2O2Se, much higher than that (5.5 THz) in Bi2Se3. A phonon bandgap of
2.1 THz arises in Bi2O2Se because of the large mass difference between O and the
other two elements. Despite the same atomic mass, the vibrational spectra of Bi
atoms differ a lot between the two materials. Similarly, Se atoms in the two materials
possess different vibrational spectra. In Bi2O2Se, the partial DOS of Bi exhibits two
peaks at 4.35 and 1.60 THz, and that of Se is sandwiched in between with a peak at
2.44 THz. In contrast, the phonon DOS of Bi2Se3 below and above 2.87 THz are
mainly contributed by the vibrations of Bi and Se atoms, respectively.
A similar feature is that both materials possess relatively flat optical branches in the G-Z
direction compared with the G-X direction, which suggests strong anisotropy of group
velocity. This feature has been commonly observed in layered materials. In contrast,
the anisotropy of acoustic branches along the G-Z and G-X directions is less significant
for each material, as indicated by the sound velocities (Table 1). Compared with
Bi2Se3, Bi2O2Se has relatively more dispersive phonon branches along the G-Z direction
(for instance, the maximum acoustic phonon frequency along the G-Z direction increases
from 1.2 THz in Bi2Se3 to 2.2 THz in Bi2O2Se), resulting in higher group velocities and
consequently higher through-plane thermal conductivity. Specifically, the sound velocity
of the LA branch in Bi2O2Se is 1.8 times of that in Bi2Se3, as shown in Table 1. The higher
through-plane thermal conductivity in Bi2O2Se will be confirmed by our TDTR measurements and ab initio phonon transport calculations.
Thermal conductivity measurements and calculations
We measured the through-plane thermal conductivities kz of both materials using
TDTR. Bulk Bi2O2Se single crystalline samples were synthesized using a modified
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Table 1. Sound velocities of acoustic branches (TA1, TA2, and LA) along the G-Z and G-X
directions for Bi2O2Se and Bi2Se3
Group velocity (km s 1)
G-Z (through plane)

G-X (in plane)

Bi2O2Se

Bi2Se3

TA1

1.27

1.81

TA2

1.21

1.80

LA

3.94

2.21

TA1

1.10

1.45

TA2

2.63

1.76

LA

4.33

2.54

Bridgman method.1 Details of our sample preparation are presented in Experimental procedures. The single-crystalline nature of the as-synthesized sample was
confirmed by X-ray diffraction (XRD) characterization, as shown in Figure 1C. Single-crystalline Bi2Se3 samples were purchased directly from 2Dsemiconductors
USA. The Bi2O2Se and Bi2Se3 samples are bulk crystals with a lateral size of
5–10 mm and a thickness of tens of micrometers. The in-plane kr and through-plane
thermal conductivities kz are calculated by the ab initio phonon Boltzmann transport
approach. Details of the thermal characterization and ab initio calculations can be
found in Experimental procedures.
Figure 2 summarizes the measured and calculated thermal conductivity of singlecrystalline Bi2O2Se and Bi2Se3 samples as a function of temperature. Our measurements and ab initio calculations show that the through-plane thermal conductivity kz
of Bi2O2Se is relatively higher than that of Bi2Se3 over a temperature range of 80–
300 K. Above 200 K, the measured kz values of both materials agree well with the
ab initio calculations. For instance, at room temperature, the TDTR measurements
give 0.86 G 0.09 W m 1 K 1 for Bi2O2Se and 0.81 G 0.12 W m 1 K 1 for Bi2Se3,
whereas the ab initio method predicts 0.92 and 0.70 W m 1 K 1 for the naturally
occurring forms of Bi2O2Se and Bi2Se3, respectively. Our measured kz value of
Bi2Se3 is close to the value of 0.82 G 0.18 W m 1 K 1 reported by Fournier
et al.25 As the temperature decreases, the measured and calculated kz values increase because the intrinsic phonon-phonon scattering becomes weaker, whereas
the measurements exhibit a weaker temperature dependence when the temperature is below 200 K. This discrepancy is likely due to extrinsic scatterings by the inevitable defects in the measured samples, which are temperature independent and
become relatively stronger at lower temperatures. Similar discrepancies between
the measurements and theoretical calculations of the through-plane thermal conductivity have also been observed in some other layered materials, such as MoS2,
WS2, and hexagonal boron nitride.26,27
In contrast to the through-plane thermal conductivity where Bi2O2Se has a higher kz
than Bi2Se3, our ab initio phonon transport calculations show that the in-plane thermal conductivity kr of Bi2O2Se is around 30% lower than that of Bi2Se3 over the entire
measured temperature range of 80–300 K. The kr of Bi2O2Se is predicted to be
1.85 W m 1 K 1 at 300 K, which is close to that measured by Yang et al.29 (1.91 G
0.24 W m 1 K 1) for a 40-nm-thick single-crystalline film sample. Our calculations
show that the kr of the 40-nm-thick sample already reaches 92% of the bulk kr
because of its short mean free paths. More details regarding the thickness dependence of kz and kr are presented in the subsequent discussion. Previously measured
thermal conductivity of polycrystalline Bi2O2Se mostly ranges from 0.9–1.7 W m 1
K 1 at 300 K, lying between our kz and kr results, which is expected considering its
thermal anisotropy and weak boundary scattering because of the short mean free
paths. The kr of Bi2Se3 is predicted to be 2.50 W m 1 K 1 at 300 K, agreeing well
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Figure 2. In-plane and through-plane thermal conductivity of Bi2O2Se and Bi2Se3 single crystals as
a function of temperature
The circles represent the current measurements of k z for Bi2 O 2 Se (solid) and Bi 2 Se 3 (open) using
TDTR, and the curves are the predictions of k z and k r for Bi 2 O2 Se (solid) and Bi 2 Se 3 (dashed) from
the ab initio phonon Boltzmann transport calculations. For comparison, the measured k r of Bi2 O 2 Se
by Qian et al. 28 (solid diamond) and Bi 2 Se 3 by Yang et al. 29 (open squares) are also plotted. The
error bars represent the measurement uncertainties estimated using the error propagation
formula, taking into account all uncertainties of the input parameters.

with the measurements by Qian et al.28 (2.75 G 0.14 W m 1 K 1 and 2.48 G 0.32 W
m 1 K 1) for undoped Bi2Se3. We note that relatively higher values were measured
by Fournier et al.25 (3.5 G 0.35 W m-1 K-1) and Navrátil30 (3.10 W m 1 K 1). This
discrepancy is probably due to the contribution of electronic carriers in these measurements because their samples were n doped with a high carrier concentration on
the order of 1019 cm 3. In contrast, our Bi2Se3 samples are unintentionally light
doped with a low carrier concentration on the order of 1017 cm 3.
The higher kz but lower kr in Bi2O2Se results in substantially smaller thermal anisotropy (defined as kr =kz ) than that in Bi2Se3. For instance, the calculated thermal
anisotropy of Bi2O2Se is 2.0, whereas that of Bi2Se3 is 3.6 at 300 K. We note that previous ab initio calculations predict quite scattered values of thermal anisotropy (from
1.6 to 6 at 300 K) for Bi2O2Se, although they all used the generalized gradient
approximation (GGA) for the exchange-correlation functional.31–33 Many previous
studies have shown that GGA is inappropriate for layered materials because it often
underestimates lattice thermal conductivity because of the underestimation of
bonding strength.34–36 We instead used the local density approximation (LDA) for
the exchange-correlation functional, which has been demonstrated to be more accurate in predicting the thermal conductivity of layered materials such as Bi2Te3,
SnSe, and HfTe5.35,37,38
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Figure 3. Phonon spectral contribution of thermal conductivity kf
(A and B) k f of Bi 2 O2 Se and Bi 2 Se 3 as a function of phonon frequency along the (A) through-plane
and (B) in-plane directions at 300 K. The different thermal anisotropy of the two materials is mainly
determined by phonons below 5 THz, which contribute the most to the k z and k r of both materials.

Analysis on anisotropic thermal conductivity
We now look into the spectral thermal conductivity along the through-plane and inplane directions to understand the smaller thermal anisotropy in Bi2O2Se in comparison with Bi2Se3. As shown in Figure 3, the kz and kr of both materials at 300 K are
mainly contributed by phonons below 5 THz, although phonons in the range of
7–14 THz also contribute to the thermal conductivity in Bi2O2Se. Along the
through-plane direction, the overall contribution of phonons below 5 THz is comparable between the two materials. However, Bi2O2Se phonons have notably more
contribution below 1 THz but less in the range of 3.5–5 THz. Along the in-plane direction, phonons in the range of 1–2 and 3–5 THz have substantially smaller contributions in Bi2O2Se compared with Bi2Se3.
The spectral thermal conductivity contribution is determined by phonon lifetime,
group velocity, and specific heat. Because these two materials have a similar specific
heat below 5 THz (only 7.5% lower in Bi2O2Se according to our calculation), the difference in spectral thermal conductivity must be mainly due to the phonon lifetimes
and/or the group velocities. Compared with Bi2Se3, Bi2O2Se has substantially
shorter phonon lifetimes in most of the frequency range, as shown in Figure 4A.
However, the larger through-plane component of the group velocity of many
phonon modes below 4 THz in Bi2O2Se (Figure 4B) compensates for its shorter lifetime, producing comparable spectral thermal conductivity along the through-plane
direction between the two materials. In contrast, both materials have similar in-plane
components of the group velocity in the range of 1–2 and 3–5 THz (Figure 4c), resulting in lower spectral thermal conductivity in Bi2O2Se.
Figures 4B and 4C show that the group velocity ratio vz/vx of many modes is remarkably
larger in Bi2O2Se than in Bi2Se3, implying that phonon focusing in Bi2O2Se should be
much weaker than that in Bi2Se3. The phonon focusing effect is typically evaluated by
phonon isoenergy surfaces. Because the group velocity vector is perpendicular to the
isoenergy surface, the anisotropy of isoenergy surfaces can be directly related to the
anisotropy of the thermal conductivity tensor. The isoenergy surfaces of three acoustic
phonon branches in both materials are shown in Figure 5. Both materials have typical
features of isoenergy surfaces of layered materials; namely, approaching a circular shape
near the Brillouin zone center while becoming more flattened near the zone edges,
similar to what has been observed for transition metal dichalcogenides.24 However,
many isoenergy surfaces in Bi2O2Se have a larger curvature than those in Bi2Se3 in the
frequency range of 0.6–2.0 THz for each acoustic branch, resulting in a larger fraction
of the group velocity component along the through-plane direction. For example, the
1.6-THz isoenergy surface of the LA branch (below which is filled by yellow) is almost
flat for Bi2Se3 but markedly curved for Bi2O2Se.
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Figure 4. Phonon modal properties
(A–C) Phonon modal lifetime at 300 K (A), z (through-plane, B), and x (in-plane, C) components of group velocity for Bi2 O 2 Se and Bi 2 Se 3 . Compared with
Bi 2 Se 3 , Bi2 O 2 Se exhibits a remarkably larger group velocity ratio vz /vx for many phonon modes, implying a weaker phonon focusing effect.

We now seek the physical mechanisms of the enhanced curvature of the isoenergy
surfaces in Bi2O2Se. Substitution of Se by O induces a change in atomic mass and
bonding strength. The lighter atomic mass causes similar phonon hardening along
both the through-plane and in-plane directions, causing no change in the anisotropy
of group velocities or isoenergy surfaces. We then calculated the elastic constants of
both materials, obtaining C11 = 159.1 (in plane) and C33 = 121.1 GPa (through plane)
for Bi2O2Se and C11 = 98.3 and C33 = 60.1 GPa for Bi2Se3. Indeed, the elastic anisotropy decreases from 1.6 in Bi2Se3 to 1.3 in Bi2O2Se, leading to more isotropic isoenergy surfaces. The overwhelming enhancement of C33 versus C11 in Bi2O2Se comes
from the electrostatic interactions along the through-plane direction, which is markedly stronger than the van der Waals interactions in Bi2Se3. Specifically, the interlayer Bi-Se bond strength (0.84 eV/Å2) in Bi2O2Se is much stronger than that of
Se1-Se1 (0.29 eV/Å2) and Bi-Se2 (0.73 eV/Å2) interactions in Bi2Se3 (Figures 1A
and 1B for different bonds). The stronger interlayer interaction in Bi2O2Se induces
phonon hardening in the G-Z direction. Consider that the maximum acoustic frequency in the G-Z direction in Bi2O2Se has increased by 83.3% compared with
that in Bi2Se3, of which the 23.8% mass decrease from Bi2Se3 to Bi2O2Se contributes
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
only 11.4% (assuming the single atomic chain model, we have u = K=m, where K is
the force constant and m is the mass), all the rest of the frequency increase is likely
contributed by the stronger interlayer Bi-Se bonding in Bi2O2Se.
Thickness dependence of thermal conductivity
Special attention has been paid to the thin films of Bi2O2Se mainly because of the
unique thickness dependence of electronic properties, such as the high mobility in
the 6.7-nm thickness single crystal.1 Therefore, we calculate the thickness-dependent kz and kr of Bi2O2Se at 300 K and compared them with Bi2Se3, as shown in Figure 6A. Overall, the thermal conductivity of both materials has a very weak thickness
dependence along the through-plane and in-plane directions because of their short
intrinsic phonon mean free paths. Reducing the thickness to 100 nm causes only
9.0% and 2.1% reduction in kz and kr of Bi2O2Se, respectively. The kr in Bi2O2Se possesses a weaker thickness dependence than that in Bi2Se3; e.g., 6.4% versus 15.1%
reduction of kr for a 20-nm-thick film compared with the bulk. This is due to the
shorter mean free paths in Bi2O2Se, as shown in Figure 6B. Specifically, the cumulative kr reaches 90% of the total thermal conductivity at 10 and 17 nm for Bi2O2Se and
Bi2Se3, respectively. The calculated kr of Bi2O2Se agrees favorably with the measurements by Yang et al.29 for thick samples, whereas the discrepancy is larger for the
films thinner than 20 nm. This may be due to the increasing contribution of ballistic
transport to heat conduction, which can result in underestimated thermal conductivity in Raman measurements, where diffusive transport is assumed when extracting
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Figure 5. Anisotropy analysis of phonon isoenergy surfaces
Isoenergy surfaces of two transverse (TA1 and TA2) and longitudinal (LA) acoustic phonon branches
for Bi 2 O 2 Se (Z-G-X plane, top) and Bi2 Se 3 (Z-G-L plane, bottom). The color scale bar at the bottom
indicates the magnitudes of phonon frequencies. The comparison of isoenergy surfaces indicates
weaker phonon focusing of acoustic branches (particularly for the frequency range 0.6–2.0 THz) in
Bi 2 O 2 Se.

the thermal conductivity values.39 Along the through-plane direction, the kz of both
materials shows a similar thickness dependence. The cumulative kz saturates at a
similarly short mean free path (around 20 nm) for both materials.
In summary, we combined TDTR measurements and ab initio phonon transport calculations to study the anisotropic thermal conductivity of Bi2O2Se over a temperature range of 80–300 K in comparison with Bi2Se3. The thermal conductivity of Bi2O2Se is relatively higher along the through-plane direction but lower along the in-plane
direction, resulting in much smaller thermal anisotropy. This behavior originates
from the reduced anisotropy of phonon isoenergy surfaces, producing weakened
phonon focusing in the in-plane directions. Essentially, the modification of isoenergy
surfaces is mainly due to the enhanced interlayer bonding strength induced by the
stronger electrostatic interaction than the typical van der Waals interaction. This
fundamental understanding offers new insights into the origin of thermal anisotropy
in layered materials. The thermal conductivity (temperature and thickness dependence) and spectral phonon transport details presented in this work will help practical thermal engineering for Bi2O2Se-based electronics and thermoelectrics.

EXPERIMENTAL PROCEDURES
Resource availability
Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Ronggui Yang (ronggui@hust.edu.cn).
Materials availability
This study did not generate new unique reagents.
Data and code availability
All data are available from the lead contact upon reasonable request.
Sample preparation
Bi2O2Se single crystals were synthesized in Peng’s lab at Peking University using a
modified Bridgman method. Stoichiometric high-purity Bi2O3 powder (Alfa Aesar,
5 N) and Bi2Se3 powder (Alfa Aesar, 5 N) were mixed and put into an evacuated
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Figure 6. Thickness dependence of thermal conductivity
(A) Thermal conductivity of Bi 2 O 2 Se and Bi2 Se 3 as a function of film thickness.
(B) Cumulative thermal conductivity versus mean free path. The curves represent the predicted
results of Bi 2 O 2 Se (solid) and Bi 2 Se 3 (dashed) from the ab initio phonon Boltzmann transport
calculations in comparison with the thickness-dependent k r of Bi 2 O2 Se measured by Yang et al. 29
(symbols), with the error bars showing the measurement uncertainties.

quartz tube with pressure down to 10 2 Pa. Bi2O2Se powder was first synthesized by
maintaining the temperature at 873 K for 12 h. After being ground adequately, the
as-synthesized Bi2O2Se powder was put into an evacuated quartz tube again. Bi2O2Se single crystals were obtained by melting Bi2O2Se powder at 1,223 K for 5 min,
slowly cooling down to 1,163 K over 9 h, and finally cooling to room temperature.
The single-crystalline Bi2Se3 samples were purchased directly from 2Dsemiconductors USA. These Bi2Se3 samples were doped unintentionally with an impurity concentration on the order of 1017 cm 3. The electronic contribution to the thermal conductivity of the crystals should be negligibly small with such low carrier concentrations.
Thermal conductivity characterization
The through-plane thermal conductivities of Bi2O2Se and Bi2Se3 were measured using TDTR at different temperatures in the range of 80–300 K. With this method,40 a
train of femtosecond laser pulses modulated at a frequency between 1–10 MHz was
used to induce heating events on the sample surface; another train of delayed laser
pulses detected the surface temperature change via thermoreflectance as a function
of the delay time. A 100-nm-thick Al transducer layer was deposited on the sample
surface for TDTR measurements. The through-plane thermal conductivity of the sample kz and the Al/sample interface thermal conductance G could be extracted by
comparing the measured signal with a thermal model calculation. A relatively large
laser spot size (1/e2 radius) of 10 mm was used for the measurements. The laser power was chosen carefully to make sure that the measurements do not depend on the
laser power; see Note S1 for more details. Unlike TDTR measurements of some other
layered materials, like MoS2,26 no obvious modulation frequency dependence was
observed in the measurements of Bi2O2Se and Bi2Se3 (Figure S1). The in-plane thermal conductivity was not measured here because of the lack of sensitivity. Typically,
the TDTR technique could reliably measure kr < 10 W m 1 K 1 with an uncertainty of
less than 30%.41 The uncertainty could be larger than 100% when kr is around 1 W
m 1 K 1.
Ab initio lattice thermal conductivity calculation
The lattice thermal conductivity was calculated by iteratively solving the linearized
Peierls-Boltzmann transport equation. The phonon dispersion was determined by
diagonalizing the dynamic matrix constructed from the second-order interatomic
force constants (IFCs). The phonon relaxation time of bulk crystals was calculated
by considering phonon-phonon scattering determined by third-order IFCs and
phonon-isotope scattering terms based on the Matthiessen rule. The isotopes
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were assumed as occurring naturally. Phonon boundary scattering was included for
thin films. A 19 3 19 3 19 q-mesh was used to calculate the lattice thermal conductivity, and the tetrahedron method was employed for energy conservation. More
technical details can be found in previous publications.36,42–45
The IFCs were extracted from density functional theory calculations using the projector
augmented wave method,46 as implemented in the Vienna ab initio simulation package
(VASP).47 The LDA was used for the exchange-correlation functional. The self-consistent
calculation was performed with a cutoff energy of 550 eV for Bi2O2Se and 350 eV for
Bi2Se3 and a force convergence criterion of 10 6 eV/Å for both materials. A supercell
of 4 3 4 3 4 was used to calculate all IFCs. The spin-orbit interaction was included.
Recent studies show that phonon renormalization and four-phonon scattering are important for predicting the thermal properties of materials such as PbTe, particularly at high
temperatures.48–52 Unfortunately, the four-phonon scattering calculation is currently
prohibitively costly for Bi2O2Se and Bi2Se3 because of their large unit cells. Here we obtained good agreement between calculations and experiments for the thermal conductivity of Bi2O2Se, implying that phonon renormalization and four-phonon scattering may
have a minor effect on the thermal conductivity calculation. One possible reason is that
the four-phonon scattering is not strongly excited in the temperature range considered
in this study. However, this postulation is not conclusive, and the agreement could also
be due to coincidence. Specifically, the enhancement of total scattering rates by fourphonon scattering can be mostly canceled out by the decrease of three-phonon scattering rates because of anharmonic phonon renormalization, coincidentally resulting
in similar thermal conductivity values predicted in the framework of three-phonon scattering and harmonic approximation. This cancellation effect has been observed for prediction of PbTe51 and NaCl.52
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46. Blöchl, P.E. (1994). Projector augmented-wave
method. Phys. Rev. B Condens. Matter 50,
17953–17979.
47. Kresse, G., and Furthmüller, J. (1996). Efficient
iterative schemes for ab initio total-energy
calculations using a plane-wave basis set.
Phys. Rev. B Condens. Matter 54, 11169–
11186.
48. Romero, A., Gross, E., Verstraete, M., and
Hellman, O. (2015). Thermal conductivity in
PbTe from first principles. Phys. Rev. B
Condens. Matter Mater. Phys. 91, 214310.
49. Lu, Y., Sun, T., and Zhang, D. (2018). Lattice
anharmonicity, phonon dispersion, and
thermal conductivity of PbTe studied by the

Cell Reports Physical Science 2, 100624, November 17, 2021

phonon quasiparticle approach. Phys. Rev. B
97, 174304.
50. Ribeiro, G.A., Paulatto, L., Bianco, R., Errea, I.,
Mauri, F., and Calandra, M. (2018). Strong
anharmonicity in the phonon spectra of PbTe
and SnTe from first principles. Phys. Rev. B 97,
014306.
51. Xia, Y. (2018). Revisiting lattice thermal
transport in PbTe: The crucial role of
quartic anharmonicity. Appl. Phys. Lett. 113,
073901.
52. Ravichandran, N.K., and Broido, D. (2018).
Unified first-principles theory of thermal
properties of insulators. Phys. Rev. B 98,
085205.

