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Supporting Information

Supplementary Text
Section S1. The classic equations
When the free electron Fermi gas in the metal is distributed within the Fermi sphere, the
free electron has a definite momentum
p =myv = hk (D
when an electron is subjected to an electric field force, it is known by Newton’s second law
dv dk

eE_medt_hdt (2)
meanwhile, when considering collisions between electrons, the relaxation time () is introduced,
then the total current density can be expressed as

ne’t

J = —ne(dv) = E (3)
e
and the conductivity is
ne’t
o= (4)
me
The Seebeck coefficient is determined by Mott equation*
n? . _0In[o(E)]
S = ngTa—E E=Ef (5)
The electron thermal conductivity is defined as?
Ko = LoT (6)
The lattice thermal conductivity is defined as®
1
K, = §CVU2T (7)

Therefore, the core of the classical equation to obtain the thermoelectric properties of
materials is to obtain the electrical conductivity and relaxation time of materials, and they are only
related to the intrinsic properties of materials. At the same time, the form of scalar conductivity is
not suitable for anisotropic thermoelectric materials.



Section S2. Quantum transport properties

When the material scale reaches the nanometer level, the intrinsic polaron of the material will
exhibit pronounced quantum effects, this can significantly affect transport characteristics.*> The
quantum transport theory primary objective to ascertain distribution function. The transport
properties is the electric current which is evaluated using the Landauer formula®

2
1=2 [ TR - fu@)dE ®)

where F,(E, u) = 1/el(E-W/ksT s the standard Fermi Dirac distribution function. T,(E) is the
transmission probability and it is calculated by the standard nonequilibrium Green’s function
(NEGF) method. T, (E) can be calculated as’

Te(E) = Tr(Ge ILGe'TR) (9)
Io=iQxr - X0) (10)

Ir = i(Xk — X&) (11)

Ge =[ES—H—-YX] — YR} (12)

here, G/ is the retarded Green’s function, H and S are the hamiltonian and overlap matrix, '] and
Y% are self-energy from left and right semi-infinite leads, respectively. Therefore, we can obtain
the parameters of thermoelectric®

s= -2 (13)
~ eTL,
e?L,
o= i (14)
(1) =~ (1, - 4 (15)
A=\ 2T,
where [ is the device length, and L,,, (u) is given by
_2(” m(_ 0w
Ly(u) = n deT,(e)(e — ) T (16)
The phonon thermal conductivity can then be achieved by?®
hz o ehw/ka
— 2
K, (T) = 27kaTzle dow*T,(w) (ol — 12 (17)

the phonon transmission T,(w) is calculated from the dynamic matrix D instead of the
Hamiltonian matrix

Ty(w) = Tr(G)I,G4TR) (18)
I =1L —21) (19)

Ir = i(Xk — X&) (20)

Gp = [w? =D =37 - ¥R} (21)

According to the above theory, in addition to the Fermi distribution of electrons and phonons
of a material, the transmission coefficient is the key to determining thermoelectric parameters of
materials. For the electron transport, the first step is to build Hamiltonian matrix®

HL Ty 0
H = Tz HC TR (22)
0 T;i HR

the total system is divided into the left electrode, the center zone and the right electrode. H  is
the periodic Hamiltonian of the left and right electrodes, 7, /5 is the Hamiltonian of the electrode



coupling with the central region. For dynamic matrix D can be constructed from a matrix of force
constants'?
02U

b= 0U;,0Up
where U is the potential energy, U,, is the displacement of atom i in the direction of a. In this
paper, since all the calculations are based on the ballistic transport theory, various scattering terms
are not taken into account. When the interface effect is caused by lattice mismatch in the central
region, it will add a reflection term ¥ ., .y to the self-energy term, and the G, ,, can be
transformed

(23)

-1
GE=|ES—H-%[ -Yr — Yoo (24)

-1
Gy = |w* =D =37 =¥k — Zhe] (25)
Therefore, the reflection of phonons and electrons at the interface has a significant impact on
the related thermoelectric parameters.
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Supplementary Figure
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Fig. S1. Total and Projected density of state (DOS). (a) M-HfSSe (b) M-ZrSSe represent the
total density of state (TDOS) and projected atomic orbital density of state (PDOS) respectively.



-470
Se M-ZrSSe
Zr * x % x ’
=480
S
=
2
%490 1
[
=4
w
=500
=510 T T T T T
o] 500 1000 1500 2000 2500 3000
Time (fs)
10
M-ZrSSE
8 4R<
5 /
|:|_: 6 _—-\_____ /
< I
g ]
] |
3
g 41 -/’__%
-
2 -
 ——
0
r M K r
25
—— 300 M-ZrSSe
2.0
1.5 1
-
N
1.0 1
0.5
0.0

-0.30 -0.15 0.00 0.15 0.30
Chemical Potential (eV)

Fig. S2. Thermodynamic structure, phonon dispersion structure and ZT. The M-HfSSe and
M-ZrSSe (a) thermodynamic structure energy diagram; (b) phonon dispersion spectrum; (c)
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function diagram of ZT with chemical formula at different temperatures.



Side View
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Fig. S3. Crystal structure, electronic structures and thermoelectric properties. The in-plane
heterostructure constructed by two Janus monolayer materials (a) the top and side view of crystal
structure; (b) the average electrostatic potential energy along the z axis and electron and charge
densities (the blue (red) color represents the charge density of the electron (hole)); (c) function
diagram of ZT changes with chemical potential at different temperature in two directions.
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Fig. S4. Band structure and DOS. (@) a = 0% (b) @ = 25%
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Fig. S5. motion situation of electron and phonon along the Y-D of in-plane heterostructure with
structural dislocations (a = 25%)).
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Fig. S7. Band structure and DOS. (a) 8 = 25% (b) 8 = 37.5% (c) f = 62.5% (d) f = 75% is
the band structure and projected atomic density of state of in-plane heterostructure, respectively.
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Fig. S8. Motion situation of electron and phonon along the Y-D of in-plane heterostructure with
structural dislocations (8 = 25%).
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Fig. S9. Phonon state density and group velocity. The group velocity of phonon by different

atoms in all S structure.
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Fig. S10. Thermodynamic structure, phonon dispersion structure and ZT. The vertical

heterostructure (a) phonon dispersion spectrum and thermodynamic structure energy diagram at

1000 K; (b) the total density of state (TDOS), and projected each layer density of state (PDOS).

(c) Function diagram of ZT with chemical formula at different temperatures of B-HfSSe, B-ZrSSe

and B-HfSSe@ZrSSe materials.
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Fig. S11. Band structure and DOS. (a) 12 (b) 13 (c) 14 is the band structure and projected atomic
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Fig. S12. Crystal structure and thermoelectric properties of the graphical superlattice
vertical heterostructure. (a) Crystal structure of top and side view of a constructed graphical
superlattice by laser ablation. Function diagram of (b) ZT; (c) x,; (d) k7.¢; (€) o; (f) S and (g) PF
with temperature for each structure.
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Supplementary Table

Tabls S1: The thermoelectric ZT of various Janus monolayer structures and heterostructures.

System Type T (K) ZT
N 2.03

M-PdSeTe! 700
P 0.74
N 0.81

300
P 0.29

M-PbSSe?

N 2.99
P 900 2.29
M-WSeTe? P 300 0.44
P 800 1.53
M-ZrSSe? P 0.22
“arese N 300 11
P 0.09
N 300 0.07
M-PdSSe® P 0.3
N 600 0.26
) 0.58
N 900 0.49
P 0.91

300
N 0.07
) 1.97

M-PtSeTe® 600
N 0.37
P 2.54
N 900 0.52
P 0.26

300
N 0.12
P 0.83

M-PtSTe® 600
N 0.25
) 1.07

900
N 0.34
N 300 0.1

M-Graphene@MoSSe®

N 700 0.42
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