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Fig. 1. (a) The structure of monolayer Ge,X;Sy; (b) schematic diagram of the Brillouin zone; (c) electron localization function,

where the purple, red and blue balls are Ge atoms, P (As) atoms and S atoms, respectively.
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Fig. 2. Phonon Spectrum and density of state for monolayer Ge,P,S, (a) and Ge,As,S, (b), the corresponding vibration modes of
acoustic phonon branches (ZA, TA, and LA) and the lowest optical breach (Opt;) near and at I' point.
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Fig. 3. (a) Lattice thermal conductively with respect to temperature, (b) cumulative lattice thermal conductivity as function of fre-

quency, (c) the contribution of phonon acoustic mode (ZA, TA, LA) and optical modes (Opt) to the total lattice thermal conductiv-

ity, (d) cumulative lattice thermal conductivity as a function of mean free path (MFP) of monolayer Ge,X,S,.
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Fig. 4. (a), (b) The phonon group velocity, (c), (d) Griineisen parameters, and (e), (f) phonon relaxation time of monolayer

GeyX,S,. The inset of Fgiure (e) and Figure (f) is three-phonon scattering phase space.
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Fig. 5. The electronic band structure and partial density of states for monolayer Ge,As,S, (a) and Ge,P,S, (b), the charge density

of the valence and conduction bands near the Fermi level (c).
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*2
Table 2.

electron and hole in monolayer Ge, XS, at 300 K.
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il Ay C™/(Jm?) B /ev.  m/m, p/(cm >V s ) 7/ps
electron 55.46 2.04 0.22 3277.22 0.41
armchair
hole 55.46 3.32 0.65 131.23 0.05
GeyPySs
electron 48.44 1.97 0.22 3676.88 0.46
zigzag
hole 48.44 3.23 0.65 162.32 0.06
electron 48.94 2.30 0.19 3146.80 0.34
armchair
hole 48.94 6.56 0.24 220.71 0.03
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Fig. 6. Electronic transport parameters of monolayer Ge,X;S, include the Seebeck coefficient ((a), (b)), electrical conductivity ((c),

(d)), electronic thermal conductivity ((e), (f)), and power factor ((g), (h)) as function of the chemical potential.
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Fig. 7. The ZT values with respect to chemical potential (a)—(d) and carrier concentration (e)—(h) for monolayer Ge,X;S,.
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Abstract

Monolayer Ge, XS, (X = P, As) are novel two-dimensional (2D) layered materials with suitable optical
absorption properties in the visible range and high carrier mobility, so they possess broad application prospects
in the photoelectric and thermoelectric fields. In this work, their thermoelectric properties are systematicly
evaluated by using the first-principles and Boltzmann transport theory. For monolayer GeyAs,S, and GeyP,S,, their
smaller phonon group velocities, low relaxation times and the large Griineisen parameters result in ultra-low lattice
thermal conductivities, which are 3.93 W-m K ! and 3.19 W-m .K! in the armchair direction, 4.38 W-m K!
and 3.79 W-m K'! in the zigzag directions at 300 K. Their electronic band structures reveal that the mono-
layer GeyAs,S, is a semiconductor with a direct band gap of 1.21 eV, while the single-layer Ge,P,S, owns an
indirect band gap of 1.13 eV. Meanwhile, the twofold degeneracy of valence band provides a large p-type
Seebeck coefficient that is 1800 pV-K'! for Ge,P,S, and 2070 uV-K ! for GeyAs,S, in the armchair direction.
Obviously, monolayer Ge, XS, has smaller lattice thermal conductivity and higher power factor, thus it is worth
exploring their thermoelectric properties. The results prove that monolayer GeyAs,S, and Ge,P,S, have
outstanding thermoelectric performances at 500 K when they are treated by optimal n-type doping. The
maximum Z7T values of monolayer Ge,As;S, and Ge,P,S, are 3.06 (armchair direction) and 3.51 (zigzag
direction), as well as 3.21 (armchair direction) and 2.54 (zigzag direction), indicating that monolayer Ge,X,S,

can be a potential candidate in the medium-temperature thermoelectric applications.
Keywords: thermoelectric properties, layered materials, first-principles calculation

PACS: 72.20.Pa, 84.60.Rb, 65.40.-b DOI: 10.7498/aps.72.20222244
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