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I. Crystal structure of 3-tellurene

The crystal structure information of [-tellurene
at PBE level in this letter is listed here: a; =
5.731, a = 4.219 and a3 = 30.145. There
are three atoms in the unit cell. Atomic fractio-
nal coordinates are (0,0,0.5), (0.336,0.5,0.534) and
(0.663,0.5,0.466), respectively.

II. Thermal conductivity 7! be-
havior in tellurene

Generally speaking, there are two kinds of scat-
tering processes that will affect the phonon relax-
ation time. One is N-type process and the other
one is U-type process. Since G=0 (G is a recipro-
cal lattice vector), there is no thermal resistance
in N-type process. However, U-type process will
generate thermal resistance and nonlinear strength
is usually proportional to the temperature. The
thermal conductivity 7! behaviour in bulk Te has
been reported.! Here, our aim is to explore whet-
her thermal conductivity in tellurene has a similar
behavior.

After fitting, the results along x and y directions
are Ky, = 652.3/T and x;, = 1231.4/T, respectively.
This nice x;, o< T~! behavior indicates a dominant
phonon scattering by Umklapp process in 2D tel-
lurene.

II1. Correction of phonon disper-
sion

The phonon frequencies can be obtained from the
eigenvalues of the dynamical matrix. Imaginary
frequencies appear when the material is dynami-
cally unstable through the imaginary phonon mo-
des. Different from three linear acoustic phonon
modes in 3D, there is an unique and interesting
out-of-plane (ZA) mode in 2D materials. Howe-
ver, in order to get a converged ZA mode, one
needs a very large supercell and dense k mes-
hes, avoiding the artificial imaginary frequencies
around the I" point. Furthermore, in the long wave-
length limit, ZA mode is quadratic in wave vector
q. Yet many times DFT gives a non-parabolic pho-
non modes. To bypass this issue, hence, we correct
our ZA mode of tellurene based on the continuum
approach for long-wavelength acoustic phonons.*
The flexural rigidity D in 2D materials can be ex-
pressed as*

1
D = erd“' (1)

in which €, and d are the bending energy divided
by the surface area and the diameter of the tube
made by 2D materials. The results are shown in
Fig. S2. We can find that along the I'-X direction,
there is an obvious deviation between DFT cal-
culation and continuum approach in 2D tellurene.
Heat is mainly carried by the low frequency acou-
stic phonons and it has has been proved that this
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Fig. S1: Lattice thermal conductivity of tellurene
as a function of temperature. Ball and stick model
of the tellurene in top and side views are shown
in the inset. The primitive cell is indicated by the
blue shading in the top view. a and b are the lat-
tice vectors spanning the 2D lattice. Black dashed
lines are 1/T fitting of temperature dependent ~,.
The experimental data! of bulk Te are collected
in green rhombic dots. The theoretical results?
are gathered in purple triangles/circles along pa-
rallel/perpendicular to the bulk helical chains. The
dashed lines are provided as a guide to the eye.
Red cubics and blue dots are the intrinsic ~;, only
with phonon-phonon scattering. Red and blue so-
lid lines are the ~; considering boundary scatte-
ring with a characteristic size of 50 nm according
to Eq. (2). The dash dotted line is the lower limit
Kmin Of bulk Te from the previous experiment' that
is based on the Cahill model.?

deviation will significantly lead to an overestimate
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Fig. S2: Phonon spectra of tellurene shown by the
black solid lines. The correction of flexural acou-
stic ZA mode based on the continuum approach is
superposed in red and green solid lines along the x
and y directions.

IV. Three-phonon scattering
phase space in tellurene

In the three-phonon scattering process, all phonon
modes must be satisfied the conservation of energy
and momentum simultaneously. To measure the
probability of three-phonon scattering, we use the
phase space !>’ to quantitatively show all availa-
ble three-phonon scattering process in tellurene.
The result is shown in Fig. S3. The larger phase
space P3 of three-phonon scattering channels is ,
the strong anharmonicity of the material has. In
this sense, tellurene has more scattering channels
compared with the bulk SnSe, indicating a strong
anharmonicity in tellurene.

V. Length-dependent thermal
conductivity in tellurene

We calculated the frequency-resolved r; and
accumulated x, for tellurene. Similar to graphene
and other 2D materials, in tellurene low frequency
phonons dominate the contribution of x, in both x



Table S1: Relevant mechanical and thermal properties of phosphorene, 2D SnSe and tellurene. Sound
velocities of TA phonon mode along x and y directions (v%., and v%.,) in km/s; In-plane Young’s modulus
(E, and E,) in GPa; Shear modulus (G) in GPa; In-plane Poisson’s ratio along x and y directions (v, and
vyz); Debye temperature of largest phonon frequency (6p) in K with definition of 6p = hwp/kp related
to the maximum acoustic phonon frequency; 2D thermal conductivity along both directions in nW K™}
at room temperature. The mechanical and thermal values of phosphorene®® and SnSe! are collected
from known literatures. For tellurene, values of mechanical properties are calculated from the elastic
solid theory.!! We can find the sound velocities of tellurene are smaller than 2D SnSe and phosphorene.
Moreover, tellurene has the smallest E, G, and v along both directions in thee of them, indicating a lower

vibrational strength.

VT A /U%A v A U%A Ey Ey G Vay Vya 0p Ka Ky Fylkae
Phosphorene 7.20 6.78 9.78 7.29 44.0 166.0 41.0 0.17 0.62 286 17.69 81.85 4.63
2D SnSe 2.30 2.18 297 3.13 23.72 45.14 30.12 0.41 0.81 87 1.52 1.74 1.14
Tellurene 1.53 1.55 243 2.19 19.47 35.18 11.52 0.26 0.48 106 1.33 2.51 1.89
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Fig. S3: Phase-space volumes P; for three-phonon
scattering processes of tellurene and bulk SnSe
that is an outstanding thermoelectric materials due
to its ultralow 1. The inverse of P3 is proportional
to the phonon relaxation time and thus k..
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Fig. S4: (a) Frequency-resolved thermal conducti-
vity for tellurene in x and y directions at room
temperature. The inset shows the corresponding
cumulative thermal conductivity as a function of
phonon frequency. (b) The room-temperature ther-
mal conductivity of tellurene as a function sample
size along x and y directions. The dashed line is
the lower limit k,,;, of bulk Te according to the
Cahill model. '



and y directions shown in Fig. S4a. As we discus-
sed above, there is a strong coupling between a-o
phonon modes in tellurene, therefore the contribu-
tion of the acoustic phonon modes to the total ~,
will be weaken. 90% of the ~;, contribution origi-
nates from the frequency lower than 2.50 THz for
thermal transport in both directions shown in the
inset of Fig. S4a.

In practical experiment and device application,
boundary (BDR) scattering must be considered.
Usually, in nanostructures, ~y, is reduced by BDR

scattering that can be evaluated as 41
1 U
_ = 2
BT L (2)

where L is the size of material. Fig. S4b shows the
k1, of tellurene as a function of L. As we can see,
k1, 1s strongly dependent on the sample size. BDR
scattering effect is more distinct when the material
become smaller and smaller. For a characteristic
size of 50 nm, ~, along x and y directions are 1.37
and 2.86 W m~! K~!, with a reduction of 36.6%
and 29.9% compared with the infinitely large sy-
stem. For comparison, We also plot the x; as a
function of temperature considering BDR scatte-
ring in Fig. S1 as reference. Hence including the
BDR scattering provides an avenue to further de-
crease the x; of tellurene.

V1. Discussion about Slack mo-
del in 2D materials

In general, the 1, of a crystal at finite temperature
T can be written as

Kp = %/ Cs(w)US(u})T(w)dw 3)
0

where v, is the group velocity, 7 is the relaxation
time and C; is the specific heat of phonon modes.

The fundamental difference between 3D and 2D
is the acoustic phonon modes. In 3D materials,
there are three linear acoustic phonon modes, whe-
reas in 2D, there are only two linear (LA and
TA) and one quadratic ZA acoustic phonon mode
whose vibration direction is in the out-of plane.
Both frequencies of linear and quadratic acoustic

phonon modes are listed as follows:

w=cq @)

w=c¢ )

From the group velocity of phonon mode, defi-

ned as v = Z—“;, we can obtain:
vy =c (6)
Vg = 2cq @)

for linear and quadratic ZA acoustic phonon mo-
des. Then based on the definition of specific heat:

Wmazxz 8f
C,=nh = d 8
94 g grde @)

we can get the DOS for linear acoustic and qua-

dratic acoustic ZA mode:

Vv ds

a\2
2m)3 | |Vl o (wh) ©)

g(w) = (

Vv dl
g(w) = o ) Vel const (10)

where w?, 1s the largest acoustic phonon frequency.
One can easily get that the integration of the DOS
of the linear mode over frequency contributes to a
third power relationship of xj, to frequency wf,,
whereas, of the quadratic mode contributes to a
first power relationship.
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Table S2: Collected relevant physical properties from all available published papers with utmost endeavor
in 2D materials. w$ and wp are the largest acoustic phonon frequency and the lowest optical phonon
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