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SPECIAL TOPIC — Phononics and phonon engineering
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Borophene allotropes have many unique physical properties due to their polymorphism and similarity between boron
and carbon. In this work, based on the density functional theory and phonon Boltzmann transport equation, we investigate
the lattice thermal conductivity k of both B and y3 borophene. Interestingly, these two allotropes with similar lattice
structures have completely different thermal transport properties. 12 borophene has almost isotropic k around 90 W/(m-K)
at 300 K, while k of y3 borophene is much larger and highly anisotropic. The room temperature k of )3 borophene along
the armchair direction is 512 W/(m-K), which is comparable to that of hexagonal boron nitride but much higher than most
of the two-dimensional materials. The physical mechanisms responsible for such distinct thermal transport behavior are
discussed based on the spectral phonon analysis. More interestingly, we uncover a unique one-dimensional transport feature
of transverse acoustic phonon in )3 borophene along the armchair direction, which results in a boost of phonon relaxation
time and thus leads to the significant anisotropy and ultrahigh thermal conductivity in }3 borophene. Our study suggests
that 3 borophene may have promising application in heat dissipation, and also provides novel insights for enhancing the

thermal transport in two-dimensional systems.

Keywords: borophene, thermal conductivity, two-dimensional (2D) material, density functional theory

PACS: 65.80.—g

1. Introduction

Due to the device miniaturization and escalated power
density, the nanoscale thermal management!!™* has been
crucial in the development of nanoelectronic devices.
Carbon-based materials have high thermal conductivity due
to their strong covalent bonds, such as diamond!>0l ~
2000 W/(m-K), carbon nanotubes!”®! ~ 3000 W/(m-K), and
graphene®141 ~3000-5000 W/(m-K). The unique thermal
and electrical properties of graphene have opened the age
of two-dimensional materials,>=23 guch as transition metal
dichalcogenides, % black phosphorene,?”-?8 and hexagonal
boron nitride (h-BN).[?%301 As the neighbor of the carbon in
the periodic table, monolayer of boron, namely, borophene,
may also have high thermal conductivity due to its light atomic
mass and short covalent bond.

Recently, three types of borophene allotropes (namely, J,
Bi2. and x3) have been grown on Ag (111) substrate,!3!3%]
as a result of the multicenter bond of boron.**! Freestand-
ing B12 and y3 borophene can also be synthesized by a novel

341 Theoretical calculations indicate

[35,36]

liquid-phase exfoliation.
the strong electron—phonon coupling in borophene,

which may lead to a significant decrease of the thermal

7
y. [37,38

conductivit ! More interestingly, the existence of gapless

DOI: 10.1088/1674-1056/abbbe6

Dirac cones has been reported,?**! which were observed
experimentally by the angle-resolved photoemission spec-
troscopy in B2 and x3 borophene.*>*3 These results suggest
that borophene can be used in the new-generation high-speed
low-dissipation electronic devices. Besides, borophene has
also been used in hydrogen storage, [*4! rechargeable metal-ion

(431 and mechanically robust components. 4%}

batteries,

In terms of phononic thermal transport, thermal conduc-
tivity of borophene may vary greatly in different structures and
directions due to its high anisotropy and polymorphic struc-
tures. With non-equilibrium Green’s function approach, the
ballistic thermal conductances of s and ;2 borophene have
been calculated at low temperature, which are found to be
higher than that of graphene.*’~*°! However, the thermal con-
ductivity of d¢ borophene when considering the lattice anhar-
monicity is much lower than that of graphene.>®! The struc-
ture of 8 borophene does not have mirror symmetry, result-
ing in a strong scattering for ZA phonons and thus a lower

[511 The other two types of synthesized

thermal conductivity.
borophene allotropes (12 and Jx3) have planar structures that
can satisfy the mirror symmetry condition. However, their dif-
fusive thermal transport properties are still unknown, which

are of particular importance for practical applications as the
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anharmonic phonon—phonon interaction might not be negligi-
ble at finite temperature.

In this work, the lattice thermal conductivities of 1, and
X3 borophene are studied by using density functional theory
and phonon Boltzmann transport equation. Our calculation
results indicate that thermal transport behaviors in these two
borophene allotropes are quite different, although their lattice
structures look similar. The thermal transport in 3 borophene
is highly anisotropic, with its room temperature thermal con-
ductivity in the armchair direction comparable to that of h-
BN ~ 600 W/(m-K). However, the thermal conductivity of B,
borophene is almost isotropic and much lower than that of x3
borophene. The physical mechanisms responsible for the dif-
ferent anisotropic transport behaviors and thermal conductiv-
ities are revealed by analyzing the phonon properties. Inter-
estingly, we uncover a unique one-dimensional heat conduc-
tion mechanism in )3 borophene, which may provide impor-
tant insights to the enhancement of thermal transport in two-
dimensional systems.

2. Computational method

All first-principles calculations are performed based on
density functional theory (DFT) as implemented in the Quan-
tum ESPRESSO.? Ultrasoft pseudopotentials are used for
all atoms, and the exchange—correlation approximation is de-
scribed by the Perdew—Burke—Ernzerh (PBE) functional. The
cutoff energy of plane-waves is set to be 50 Ry. The conver-
gence criteria for energies and forces are set to be 107¢ Ry
and 1073 Ry per Bohr, respectively. A vacuum layer with the
thickness of 20 A is adopted in the direction perpendicular to
the borophene sheet.

The lattice thermal conductivity of borophene is calcu-
lated by using the ShengBTE code,>*3* which implements
a fully iterative solution of the Boltzmann transport equation
(BTE). The second order interatomic force constants are com-
puted from the first-principles calculations based on the den-
sity functional perturbation theory (DFPT). A g-mesh grid of
5 x5 x 1 is used for B, borophene, while a g-mesh grid of
5 x5 x 1isused for y3 borophene. The third-order anharmonic
force constants are calculated via finite displacement method
by combining third-order and DFT in Quantum ESPRESSO,
SxT7x1@B3x9x1)supercells and Sx5x1 (5x5x1) k-
meshes are used to ensure the convergence of calculation for
P12 (x3) borophene. We include the interactions within the
10th nearest-neighbour atoms, and choose a 61 x 61 x 1 ¢-
mesh for phonon—phonon scattering calculation. When calcu-
lating the volume of borophene, the thickness of borophene
is defined as the van der Waals diameter for a boron atom[>3!
of 3.6 A. Recent studies have found that four-phonon scatter-
ing can have significant impact on the thermal conductivity

of bulk boron arsenide and silicon at high temperature. 29601

However, we limit our discussion based on the three-phonon
scattering process in this work, due to the computational com-
plexity and high cost for handling higher-order anharmonic
phonon—phonon interaction, which might be worth investigat-
ing in future study.

Based on the BTE, the lattice thermal conductivity tensor

(Kqp) can be described as>3>4

Kap = - oy L folfo+ Do)y PR ()
where f, kg, T, V, K, and N are the phonon distribution func-
tion, the Boltzmann constant, temperature, the volume of the
unit cell, the reduced Plank constant, and the total number of
g-points, respectively. Here, w, denotes the frequency of a
phonon mode A that is uniquely defined by the phonon branch
s and wave vector ¢ in the Brillouin zone, v7 is the phonon

group velocity in the a-direction, and F. ;'LB is given by
Ff =) (Vf+af). @

where Tg is the phonon lifetime which is obtained by the relax-
ation time approximation, and Aﬁ is a correction term obtained
by the fully iterative solution of BTE. (531

The anharmonic three-phonon scattering process is the
dominating scattering mechanism in pristine crystals, and the
resulting phonon lifetime can be calculated based on the Fermi
golden rule 3461 as

—1
7/1 = <ZFAAIAZ+ Z )L)Ll/12> ; &)

+ — .
where I} PR and I a2, Tepresent the scattering rates for the
absorbing and emitting three-phonon scattering processes, re-
spectively. The phonon scattering rates are given by

()
+ = l¥’ +
1},1112 - 4 wﬂ.wll w},z Vllllz
X 8( @y +0y, —0y,), 4
A A
[ fm( 01+f02+1) T
AMAy T T ), 03, 0y, ‘V},)Lllz
X 0 ((Dx*(l)ll 7&)&2) . (@)

+ . . . .
The V; A, 1S the scattering matrix element and given
by!62]

io ,iB
Z Z aﬁ?’m (6)
}Llllz ijk T )
i.j.koBy VAL

where i, j, and k are the atomic indices; m is the atomic mass;
and e;L is the ¢-th component of the phonon eigenvector on
the atom.
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3. Results and discussion

Figures 1(a) and 1(b) show the lattice structures of B>
and x3 borophene, respectively. Both of them have a purely
planar surface. The structures of Bj» and x3 are very sim-
The

optimized lattice constants in our calculations are shown in

ilar, except for the concentration of hexagonal holes.

Table 1, which are in excellent agreement with the litera-

ture results. 3235931 Moreover, the calculated phonon disper-

(12 borophene
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sion (see Fig. 2) reveals that in addition to the two acoustic
branches with linear dispersion for the in-plane modes (longi-
tudinal acoustic and transverse acoustic modes, LA and TA),
both allotropes have the third out-of-plane branch (flexural
acoustic mode, ZA) with a quadratic dispersion, which is a
typical signature of two-dimensional (2D) materials.[®*] The
cut-off frequency in the phonon dispersion is 34 THz and
38 THz for B, and x3 borophene, respectively, which is lower
than that in graphene!*¥! around 48 THz.

x3 borophene

A‘""‘A
\'/.\ /‘\'/

0 \'/A\%A\V/O\'/A\Q/A\'/
VaANAVRVANIAY,

armchair

Fig. 1. Top and side views of lattice structures for (a) Bj and (b) x3 borophene. The side views show that both B, and )3 borophene have
purely planar structures. The contours illustrate the electron localization function (ELF) distribution.
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Fig. 2. Phonon dispersion and density of states of (a) i and (b) x3
borophene.

Table 1. The lattice constants for f8j, and 3 borophene.

ar/A arlA Source

5.06 2.92 this work
Pz borophene 5.07 2.93 Refs. [32,35]
23 borophene 8.42 2.90 this work

8.43 2.90 Refs. [32,63]

We then calculate the thermal conductivity along the arm-

chair and zigzag directions for both 12 and )3 borophene by
using the iterative solution to BTE. As shown in Fig. 3, at high
temperatures, the thermal conductivities of both borophene
allotropes follow the k ~ T~! law quite well, indicating
the dominance of three-phonon scattering at high tempera-
ture. The thermal conductivity of Bj» borophene is almost
isotropic, which has the room temperature thermal conductiv-
ity of 88 W/(m-K) and 94 W/(m-K) along the armchair and
zigzag directions (solid line in Fig. 3(a)), respectively. In
sharp contrast, thermal transport in )3 borophene is highly
anisotropic, with thermal conductivity along the armchair di-
rection notably higher than that along the zigzag direction. At
room temperature, thermal conductivity of }3 borophene is
512 W/(m-K) and 312 W/(m-K) for the armchair and zigzag
directions (solid line in Fig. 3(b)), respectively. However, the
lattice structures of 1> and 3 borophene are very similar. In
addition, their mechanical properties are also similar, includ-
ing Young’s modulus, Poisson’s ratio, bending stiffness, and
mass density. %] Therefore, it is quite unexpected that f;, and
X3 borophene have such distinct thermal transport properties.

Compared to other 2D materials, such as graphene!:6]
~ 3000 W/(m-K), hexagonal boron nitride!®”! ~ 600 W/(m-K),
hydrogen boride!®®! ~ 334 W/(m-K) for the zigzag direc-
tion, borophane!®! ~ 265 W/(m-K) for the zigzag direc-

tion, monolayer molybdenum disulfide[’”) ~ 87 W/(m-K),
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phosphorene!”!! ~ 30 W/(m-K) for the zigzag direction, and
stanene!”?l ~12 W/(m-K), we find that thermal conductivity
of x3 borophene is about one-sixth that of graphene, compa-
rable to that of hexagonal boron nitride, but is far higher than
that of the rest 2D materials. It is worth to point out that the
thermal conductivity of )3 borophene along the armchair di-
rection is the highest among all 2D boron-materials reported

so far.[33

Table 2. Acoustic phonon group velocities near the I" point in 31 and
X3 borophene.

ZA/(km/s) LA/(km/s) TA/(km/s)
Bi2-armchair 6.5 13.1 16.8
Bi2-zigzag 7.2 11.1 17.6
X3-armchair 24 11.8 18.0
X3-zigzag 4.1 11.4 17.7
200 B2 (a)
100 [ - 1
; o RS KT 1
i * -
|E %%* ~ 2
- .33 RS
s v e
~ —m—armchair (exact)
€ —@—zigzag (exact)
—-armchair (RTA)
—A -zigzag (RTA)
A MoS, (Peng et al.)
10k V phosphorene (Qin et al.) |
) O stanene (Peng et al.) ) )
200 400 600 800 1000
T/K
1000 T 2 T T T T
T
<
T
: Sy
3 —a-armchdir (exact)
v —e-zigzag {exact)
- -armchair (RTA)
100} —A-zigzag (RTA) 4
Y% h-BN (Lindsay et al.)
<] hydrogen boride (Mortazavi et al.)
D> borophane (Liu et al.)

200 400 600 800 1000
T/K

Fig. 3. The temperature dependence of lattice thermal conductivity in
(a) B12 and (b) x3 borophene. The solid line and dash-dot line denote the
calculation results of iterative solution and relaxation time approxima-
tion, respectively. The dashed lines indicate the k ~ 7! dependence.
The empty symbols show the room temperature thermal conductivity of
other 2D materials recorded in literatures!®’~7?! for comparison.

To understand the dissimilarity of thermal conductivity
and the anisotropy behavior, we first look into the harmonic
phonon property, i.e., phonon group velocity. No substan-
tially difference is observed in the phonon group velocity be-
tween 31> and y3 borophene (see Fig. 4). For instance, the
group velocities for TA phonons in the long-wavelength limit
along the armchair direction are 16.8 km/s and 18 km/s for
B12 borophene and )3 borophene (Table 2), with only 7% dif-
ference. Similar result is obtained for other phonon branches.

Given the obvious difference in thermal conductivity between
two allotropes (Fig. 3), we conclude that the phonon group
velocity is not the major cause responsible for the observed
dissimilar thermal transport behavior.

Moreover, we notice that the anisotropic ratio of ther-
mal conductivity in )3 borophene gradually decreases with the
increase of temperature, as shown in Fig. 3(b). This is be-
cause the contribution of high-frequency phonons to the ther-
mal conductivity becomes more significant at elevated tem-
perature. For high-frequency phonons (above 30 THz) in
%3 borophene, the phonon group velocity in zigzag direction
is notably larger than that in armchair direction (Fig. 4(b)).
As a result, although thermal conductivity in both directions
decreases with increasing temperature due to the enhanced
phonon—phonon scattering, thermal conductivity in zigzag di-
rection decreases slower than that in armchair direction, due
to the contribution of high-frequency phonons at high temper-
ature, leading to the reduced anisotropic ratio in )3 borophene
with increasing temperature.

T
m armchair |

20 .
- ® zigzag
@
g
o
S~
>
Z
K3,
o)
K5
>
o
]
9]
—
@}
20 30
Frequency/THz
—3 T T
20 \ ® armchair A

® zigzag

107

Group velocity /km-s~!

30
Frequency/THz

Fig. 4. The group velocities of (a) B2 and (b) x3 borophene.

To understand the impact of anharmonic phonon—phonon
interactions, we then investigate the relaxation time in both
borophene allotropes. For fj, borophene (Fig. 5(a)), the re-
laxation time of ZA phonon is as high as 1000 ps, which is
about 2 orders of magnitude greater than that of other phonon
branches. This result implies that the ZA phonon may make
the dominant contribution to the thermal conductivity of B
borophene. For )3 borophene (Fig. 5(b)), the maximum re-
laxation time of ZA phonon is even one order of magnitude
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greater than that in 31, borophene, and reaches up to 14000 ps.
Meanwhile, the relaxation time of LA and TA phonons in 3
borophene is also notably larger than that in 1, borophene.
One peculiar feature observed for )3 borophene is the remark-
ably large relaxation time up to 6000 ps for some of the low-
frequency TA phonons (dashed ellipse in Fig. 5(b)), which
suggests that the TA phonon may have significant contribution
to thermal conductivity of }3 borophene.

105F (a) ' ﬁ mZA 1
12

2 104} TA
> X A LA
E 10° ¢ - ¢ OP 3
s 9 m  mgm
$ SR ;
< g0l 4
§ 0
<
g 100 a M 5

10-1¢

10! 100 10!
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10°F (p) X3 - Zi ]
2 104" o Tl T 3
T ol Hagew 4 LA
g 103F -
3
<] 102!‘
2
T 10'f
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5 109F
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w —1001 1
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:5
o ® X3
O —150¢ -
L]
10! 100 10!
Frequency/THz

Fig. 5. The phonon relaxation time in (a) Bi, and (b) )3 borophene
at 300 K. The dashed ellipse in (b) highlights the low-frequency TA
phonon with very long relaxation time. (c) The Griineisen parameters
of B2 and x3 borophene at 300 K.

In order to deeply elucidate the different phonon relax-
ation time, we plot in Fig. 5(c) the Griineisen parameter which
quantifies the degree of anharmonicity. The largest Griineisen
parameter in )3 borophene is only about 30% of that in 31,
borophene. Obviously, the Griineisen parameters for low
frequency phonons in f; borophene are substantially larger
compared to those in y3 borophene, suggesting a stronger an-

harmonic phonon—phonon interaction in ;5 borophene. The

lager phonon anharmonicity causes stronger phonon—phonon
scattering and leads to the smaller relaxation time observed in
B12 borophene, which is responsible for the lower thermal con-
ductivity of 31, borophene compared to that of )3 borophene.

Next, we investigate the contribution of different phonons
by looking at the cumulative thermal conductivity with respect
to phonon frequency. As shown in Fig. 6(a), the thermal con-
ductivity of B borophene is mostly contributed (~ 88%) by
phonons with frequency lower than 10 THz, which is close
to the upper limit of this acoustic phonon branch. Therefore,
acoustic phonons make the dominant contribution to the ther-
mal conductivity of ;> borophene. However, the situation in
X3 borophene is quite different. As shown in Fig. 6(b), the
cumulative thermal conductivity saturates when the phonon
frequency is larger than 15 THz, while the cutoff frequency
for the acoustic phonon is only 6.1 THz. This means that
the optical phonons make notable contribution to the thermal
conductivity of 3 borophene, particularly in the zigzag direc-
tion. More interestingly, we notice that in the armchair direc-
tion which has a high thermal conductivity of 512 W/(m-K)
at 300 K, the low-frequency acoustic phonons in the range of
0.3 THz-2.3 THz (dashed box in Fig. 6(b)) surprisingly con-
tribute about 50% thermal conductivity of )3 borophene in the
armchair direction. We have verified that these low-frequency
phonons actually correspond to the low-frequency TA phonons
with very large relaxation time (dashed ellipse in Fig. 5(b)).
This result suggests that the TA phonons play a significant
role in the thermal transport along the armchair direction of
X3 borophene.

n 100 . g
I Bla e
<@ o
|
; I
I
E I
<50 !
z I
2 !
e
< I
E l : armchair
5 : | -armeh
O 0 1 .
0 10 50
Frequency/THz
n 600 | . I
< I
T 1
g i
- 400f |
= I
? I ---------------
4 I
> .
£ 200 i
5 : armchair
B o
. ! . I
00 10 20
Frequency/THz

Fig. 6. The room temperature cumulative lattice thermal conductivity as
a function of phonon frequency for (a) B, and (b) x3 borophene. The
vertical dashed line indicates the cutoff frequency of acoustic branches.
The dashed box in (b) highlights the area of interest for comparison.
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The isotropic thermal conductivity in 31, borophene and
anisotropic thermal conductivity in )3 borophene can be un-
derstood by analyzing the lattice structure. To explore the un-
derlying mechanism from the perspective of bonding electrons
of neighboring atoms, we calculate the distribution of electron
localization function (ELF) which takes a value between 0 and
1, with ELF = 1 denoting perfect localization, and ELF = 0
denoting no electron.!”*! For B, borophene, the bond lengths
for two types of B-B bonds in different directions are very
close to each other (1.66 A for type-1 and 1.69 A for type-2).
Moreover, the ELF distribution along different directions is
also similar (Fig. 1(a)), which indicates the isotropic thermal
transport in B, borophene. In contrast, the B-B bond lengths
in different directions of )3 borophene are notably different
(1.62 A for type-1 and 1.72 A for type-2), and the ELF distri-
bution shown in Fig. 1(b) reveals that the electron localization
of type-1 bond along armchair direction is stronger than that of
type-2 bond along zigzag direction, indicating the anisotropic
thermal transport in }3 borophene.

To further identify the source for the difference in the
anisotropic thermal transport, we decompose the total thermal
conductivity into branch contributions for both borophene al-
lotropes. For 1, borophene (Fig. 7(a)), ZA phonon makes the
dominant contribution to thermal conductivity in both arm-
chair and zigzag directions, which is qualitatively similar to
the case of graphene.®!! For instance, the branch contributions
to the total thermal conductivity are 67%, 13%, 10%, and 10%
for ZA, TA, LA, and optical phonons along the zigzag direc-

T T T T
- armchair 4

zigzag

60} (a)

0.5

tion. This is because the scattering rate for ZA phonon is the
lowest in the entire Brillouin zone compared to other polar-
izations (Figs. 7(b)-7(d)). Besides, the scattering rate for ZA
phonon in the armchair direction (I' — X) is slightly larger
than that in the zigzag direction (I" — Y), as indicted by the
dashed region in Fig. 7(b), which leads to a slightly lower ther-
mal conductivity in armchair direction for ZA phonon. Sim-
ilarly for LA phonon, the larger scattering rate in the arm-
chair direction (Fig. 7(d)) results in a lower thermal conduc-
tivity in that direction. TA phonon, however, has the opposite
trend, which has a larger scattering rate in the zigzag direction
(Fig. 7(c)) and thus a lower thermal conductivity in that direc-
tion. The different chiral dependence for LA and TA phonons
cancels with each other and thus reduces the anisotropy. Com-
bined with the fact that negligible difference in ZA phonon’s
thermal conductivity between different directions, this leads to
an almost isotropic thermal conductivity observed in Fig. 3(a),
although its lattice structure is quite different in two directions.
In contrast, TA phonon makes the dominant contribution
(~ 63%) to thermal conductivity of )3 borophene along the
armchair direction (Fig. 8(a)). In the zigzag direction, al-
though ZA phonon still has the largest contribution ~ 38%, it
only has a thermal conductivity ~ 118 W/(m-K), much lower
than that of TA phonon ~ 330 W/(m-K) in the armchair direc-
tion. Therefore, the unusually dominant contribution from TA
phonon along the armchair direction is responsible for the ob-
vious anisotropic thermal conductivity observed in Fig. 3(b).

l0.5

0.5

(b) ZA

|
i
l6

IO

0.5

Fig. 7. (a) Branch contribution of thermal conductivity in ;> borophene at 300 K. Distribution of scattering rates (in units of cm™!) in the
Brillouin zone for (b) ZA, (c) TA, and (d) LA phonons. I" — X represents the armchair direction, while I" — Y represents the zigzag direction.

The dashed box highlights the area of interest for comparison.
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Fig. 8. (a) Branch contribution of thermal conductivity in y3 borophene at 300 K. Distribution of scattering rates (in units of cm™!) in the
Brillouin zone for (b) ZA, (c) TA, and (d) LA phonons. I" — X represents the armchair direction, while I" — Y represents the zigzag direction.

The dashed box highlights the area of interest for comparison.

One remarkable feature in Fig. 8(a) is the huge contrast
ratio of thermal conductivity in two directions for TA phonon
around 900%, exhibiting a nearly one-dimensional thermal
transport along armchair direction, while this ratio is only
150% and 159% for ZA and LA phonons, respectively. There-
fore, anisotropic thermal transport is much weaker for ZA and
LA phonons compared to TA phonon. This is because for
both ZA and LA phonons, only a small portion of the Bril-
louin zone (dashed region in Figs. 8(b) and 8(d)) has a larger
scattering rate in one direction compared to the other direction.
Interestingly for TA phonon, there is a huge region with very
strong scattering rate located in the middle of the Brillouin
zone (Fig. 8(c)). This region with strong phonon scattering
essentially blocks the TA phonon transport along the zigzag
direction, and forces TA phonon to propagate along the arm-
chair direction, in which negligible phonon scattering event
is encountered (dashed region in Fig. 8(c)). In other words,
the transport of TA phonon is almost one-dimensional along
the armchair direction. We have further verified that the large
relaxation time of TA phonons (dashed box in Fig. 5(b)) actu-
ally originates from those TA phonons in the dashed region in
Fig. 8(c) which exhibit one-dimensional transport behavior.

Generally speaking, in planar structures such as graphene
and 31> borophene, ZA phonons make the dominant contri-
bution to heat transport.’!l And the traveling direction of
phonons in a planar structure is usually random. Interest-
ingly, the anomalous one-directional transport of TA phonon
in )3 borophene leads to not only a very high thermal con-

ductivity mainly contributed by TA phonon, but also a strong
anisotropic thermal transport. A similar one-dimensional
transport phenomenon occurs in the ballistic transport of Jg
borophene and borophane.*”*8! This unique feature of y3
borophene may provide novel insights for enhancing the ther-
mal conductivity of 2D materials.

Finally, we examine whether there exists hydrody-
Re-
cent studies!’*7>! have reported the unique hydrodynamic

namic phonon transport in B, and )3 borophene.

phonon transport behavior in two-dimensional materials, such
as graphene, due to the significant role of momentum con-
serving normal process (N-process) of phonon—phonon scat-
tering and dominant contribution of ZA phonon. In the relax-
ation time approximation for solving BTE, the N-process is
incorrectly treated as the resistive process, similar to the Umk-
lapp process (U-process). This leads to the underestimation
of thermal conductivity compared to the iterative solution of
BTE when the N-process is prevailing in the phonon—phonon
scattering, which causes the hydrodynamic phonon transport.
Therefore, the difference in thermal conductivity value be-
tween iterative solution and RTA solution can serve as an in-
dication of hydrodynamic phonon transport.

As shown in Fig. 3, we find that there exists notable dif-
ference in thermal conductivity between the iterative solution
(solid line) and RTA solution (dash-dot line) for both ;> and
X3 borophene. For instance at 300 K, the iterative solution
predicts thermal conductivity of 88 W/(m-K) and 94 W/(m-K)
along the armchair and zigzag directions for ;» borophene,
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while the RTA results are 52 W/(m-K) and 67 W/(m-K) along
the armchair and zigzag directions, respectively. The ra-
tio Of Kjerative/KRTA in 12 borophene is around 1.7 and 1.4
along the armchair and zigzag directions, respectively, sug-
gesting that hydrodynamic phonon transport takes place in 1,
borophene. This is because of the prevailing normal process
over the Umklapp process and the dominant contribution of
ZA phonon in 31> borophene (Fig. 7(a)), similar to the case of
graphene.!”47>! However, the ratio of Kerative /Xrra at 300 K
in )3 borophene is, respectively, only 1.1 and 1.2 along the
armchair and zigzag directions, which is lower compared to
the case of i, borophene. This is because ZA phonon does
not make the dominant contribution to thermal conductivity of
X3 borophene (Fig. 8(a)), and thus the hydrodynamic effect is
weaker compared to the case of 15 borophene.

4. Summary

Using first principle calculations combined with Boltz-
mann transport equation, we have systematically investigated
The
room temperature thermal conductivity of ;2 borophene is
88 W/(m-K) and 94 W/(m-K) along the armchair and zigzag
directions, respectively, exhibiting almost isotropic thermal

the thermal transport in both B, and )3 borophene.

transport behavior. In contrast, the thermal conductivity of
3 borophene is much larger and highly anisotropic, reaching
512 W/(m-K) and 312 W/(m-K) at 300 K along the armchair
and zigzag directions, respectively. This thermal conductivity
value is almost comparable to that of h-BN, but is the high-
est among all known borophene allotropes. In 32 borophene,
ZA phonon makes the dominant contribution to the thermal
conductivity, and the contribution from ZA phonon is close to
each other along the armchair and zigzag directions, leading
to the isotropic thermal transport. More interestingly, the scat-
tering rate distribution in the Brillouin zone reveals that TA
phonon in Y3 borophene transports almost one-directionally
along the armchair direction with very weak scattering, which
results in a substantially enhanced relaxation time for low-
frequency TA phonon and consequently the anisotropic ther-
mal transport in )3 borophene and the dominant contribution
to thermal conductivity from TA phonon along the armchair
direction. The high thermal conductivity of x3 borophene
holds great promise in heat dissipation applications, which
may provide a new way to realize large thermal conductivity
in 2D systems.
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