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We study the thermal and electronic transport properties as well as the thermoelectric (TE) performance of three
two-dimensional (2D) X1, (X = Ge, Sn, Pb) bilayers using density functional theory and Boltzmann transport theory. We
compared the lattice thermal conductivity, electrical conductivity, Seebeck coefficient, and dimensionless figure of merit
(ZT) for the X1, monolayers and bilayers. Our results show that the lattice thermal conductivity at room temperature for
the bilayers is as low as ~ 1.1 W-m~".K~'=1.7 W-m~".K~!, which is about 1.6 times as large as the monolayers for all
the three materials. Electronic structure calculations show that all the X1, bilayers are indirect-gap semiconductors with
the band gap values between 1.84 eV and 1.96 eV at PBE level, which is similar as the corresponding monolayers. The
calculated results of ZT show that the bilayer structures display much less direction-dependent TE efficiency and have
much larger n-type ZT values compared with the monolayers. The dramatic difference between the monolayer and bilayer
indicates that the inter-layer interaction plays an important role in the TE performance of X1, which provides the tunability

on their TE characteristics.

Keywords: 2D group-IV diiodide, thermoelectric materials, bilayers

PACS: 72.15.Eb, 72.15.Jf, 72.20.-, 73.63.-b

1. Introduction

High quality thermoelectric (TE) materials and their ap-
plications have provided an effective way for the transform-
ing from heat to electricity and received intense researches for
the significant contributions to the global sustainable energy
solution.!!""# Traditionally, the efficiency of TE materials is
measured primarily by the dimensionless figure of merit, ZT,
defined as!'”! ZT = $?6T /(k. + k), where S, 6, T, ki, Ke
are the Seebeck coefficient, electrical conductivity, absolute
temperature, lattice thermal conductivity, and electrical ther-
mal conductivity, respectively. In terms of the formula of ZT,
high Seebeck coefficient, high electrical conductivity, and low
thermal conductivity are required to enhance the TE perfor-
mance.

Conventionally, increasing the electrical power factor
(PF = §?0) and reducing the ki are two general approaches
to obtain high-quality TE materials. Regarding increasing the
PF, one successful way is to get a large density of states
(DOS) effective mass by converging the valence (or conduc-
tion) bands. (! Various strategies such as alloying, ! elemental

doping,!®! and strain engineering!®!°

| have been developed to
achieve the convergence of the bands and consequently to im-
prove the TE performance. For the reduction of ki, it is an
effective strategy to enhance the phonon scattering by intro-
ducing multiscale scattering centers, e.g., point-defects!! 2]
or grain boundaries.!!3] However, suppressing ki, through the
phonon engineering is actually difficult to achieve without si-
multaneously affecting electron transport.[®! Hence, seeking
new materials with intrinsically high power factor and low

thermal conductivity is a preferable approach to obtain high
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TE performance.

In 1993, the seminal work of Hicks and Dresselhaus
showed that reducing the dimension of the system could
significantly increase ZT value, due to the enhanced PF
caused by an increased DOS near the Fermi level and the
reduced k7, caused by the increased phonon scattering from

e.[>14] With the emerging field of layered mate-

the surfac
rials in the past decades, a number of investigations have
been conducted on two-dimensional (2D) TE materials, such
as SnSe,[13 SnTe, [0 GeTe,!' SiTe,[!8] XSb (X = Si, Ge,
Sn),[lg] phosphorene,[zo’m and transition metal dichalco-
genides (TMDs).[?224] Recently, the 2D group-IV diiodide
family, including Pbl,, Gel, Snl,, and Sil,, have shown ex-
cellent thermoelectric performance.>>-27] Theoretical results
showed that the maximum Z7T value is 4.04 at 600 K for Gel,
monolayer?®! and is 4.9 at 900 K for Pbl, monolayer,>!
which are better than the well-known TMDs and other 2D ma-
terials. On the other hand, it is well known that the phys-
ical properties of 2D materials are sensitive to inter-layer
interaction!”®! and in experiment, it is not easy to obtain the
monolayer for most 2D materials. Thus, it is intriguing to ex-
plore the TE performance for the multilayers of 2D group-IV
diiodides.

In this work, by combining ab initio density functional
theory (DFT) with the Boltzmann transport theory, we com-
pared the electrical and thermal transport properties between
the monolayers and bilayers of 2D X1, (X = Ge, Sn, Pb).
Phonon spectra have been calculated to confirm the dynami-
cal stability of all the 2D X1, structures. The ki, group veloc-
ity (Vy), and phonon lifetime (7,,) were calculated and the re-
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sults show that the ki, at room temperature for the bilayers are
about 1.6 times as large as the corresponding monolayers for
all the three materials, which is possibly caused by the larger
Tpn for bilayer. Both acoustic and optic phonon modes con-
tribute to the thermal conductivity as a result of the relatively
low frequency of the optical phonon modes. Electronic struc-
ture was investigated and all the monolayer and bilayer struc-
tures are shown to be semiconducting with an indirect band
gap close to 2 eV. Carrier mobility (1) and relaxation time (7)
were also calculated to further explore the electrical transport
properties. Finally, the values of the S, o, PF, and ZT along
different directions were compared between the monolayers
and bilayers of X1,. The results show that for all the three X1,
structures, the bilayers display much less direction-dependent
TE efficiency and have much larger n-type ZT values com-
pared with the monolayers. The dramatic difference between
the monolayer and bilayer indicates that the inter-layer inter-
action plays an important role in the TE performance of X1,
which provides an effective tunability on their TE characteris-
tics.

2. Theoretical method

The lattice thermal transport properties can be calculated
based on the phonon Boltzmann transport equation (BTE) and
the interatomic force constant (IFC) obtained from DFT cal-
culations. The lattice thermal conductivity along ¢ direction

is defined as!?*)

K = M%nqv (ngv + 1) (hog )V Fl, (1)
where kg, T, N, and V are the Boltzmann constant, the ab-
solutely temperature, the total number of ¢ points in the first
Brillouin zone, and the unit cell volume, respectively. ngy,
@yy, and vf]xv are equilibrium Bose—Einstein distribution func-
tion, phonon frequency, and the phonon group velocity along
the a direction of phonon mode gv. Ff is defined as*!

E% = (v2, +Agy) v, )

where 7,y is the phonon relaxation time of mode gv. All the
calculations are carried out with the DFT method, as imple-
mented in the Vienna ab initio simulation package (VASP).[30]
We choose the generalized gradient approximation (GGA) in
the Perdew—Burke-Ernzerhof (PBE) parametrization for the
exchange—correlation functional. To avoid the interactions be-
tween adjacent layers, the vacuum region is set in excess of
20 A. The cutoff energy is set as 500 eV for the plane wave ba-
sis. A 9 x 9 x 1 k-mesh is used during structural relaxation for
the unit cell until the energy differences are converged within
107 eV, with a Hellman—Feynman force convergence thresh-
old of 1073 eV/A.

The lattice thermal conductivity is calculated by solving
the BTE implemented with a fully iterative self-consistent pro-
gram in ShengBTE package.*!] When using ShengBTE, the
2nd-order (harmonic) and the 3rd-order (anharmonic) IFCs
matrixes are required. The harmonic IFCs are obtained us-
ing density functional perturbation theory, which calculates
the dynamical matrix through the linear response of electron
density.[3?] The 5 x 5 x 1 supercell with 3 x 3 x 1 k-mesh is
used to ensure the convergence. The phonon dispersion is
obtained using the Phonopy code.!**! Besides the harmonic
IFCs mentioned above, the 4 x 4 x 1 supercell and 3 x 3 x 1
k-mesh are used to obtain the anharmonic IFCs, and an in-
teraction range including the forth-nearest-neighbor atoms is
considered. TE properties were computed by solving the BTE
under a constant relaxation time 7 and a rigid band approxi-
mation performed in the BoltztraP2 code.*! The Seebeck co-
efficient S and electrical conductivity ¢ can be obtained by
investigating the electronic transport properties based on DFT
calculations and the integration of the transport distribution

E(E) = Zk ’Uk®’Uka,[35]
d
o) =< E(e)(a’f)da 3
_ ¢k [ _ dfo\e—p
su) =2 [=e)( 90 ) Hee @

where fy is the equilibrium Fermi—Dirac distribution function,
kg is the Boltzmann constant, and p is the chemical poten-
tial. The vy, and 7y, are the group velocity and relaxation time
at state k, respectively. We used a very dense k-point mesh
of 60 x 60 x 1 to obtain a convergent density of states. The
electrical conductivity (6/7) we obtained is dependent on the
carrier relaxation time 7. The electronic thermal conductivity
K. is calculated using the Wiedemann—Franz law, k. = Lo T,
where L is the Lorenz number. Here, we use the Lorenz num-
ber of 1.5 x 108 W-Q.K~1.136]

3. Results and discussion

The equilibrium structures for the monolayers and bilay-
ers of X1, are shown in Fig. 1. The monolayers exhibit buck-
led sandwich hexagonal crystal structure with the space group
of 164 (P-3m1). There are one X atom and two I atoms in
a unit cell. Our DFT calcultaions show that the lattice con-
stants are 4.30 A, 4.57 A, and 4.66 A for Gely, Snl, and Pbl,,
respectively, which are in good agreement with previous re-
ported values. 37381 For all the three X1, bilayers, AA-stacking
is found energetically preferable. The inter-layer distances are
respectively 7.75 A, 7.67 A, 7.86 A in Gely, Snl,, and Pbl,.
The obtained inter-layer binding energies for all the X1, bilay-
ers are less than 0.01 eV/atom at PBE level, which indicates a
typical van der Waals (vdW) interaction.

047201-2



Chin. Phys. B 31, 047201 (2022)

Side view

(a) Top view

Fig. 1. Ball and stick model for the equilibrium structures of an XI5 (X = Ge,
Sn, Pb) (a) monolayer and (b) bilayer. Both top and side views are shown.
The X and I atoms are shown in green and mauve balls, respectively. d is
the inter-layer distance in the bilayer. The primitive cell in the top view is
denoted by the red shadow.

To examine the dynamical stability of the 2D X1, struc-
tures, we calculated the phonon dispersion using Phonopy
code®? and have plotted our results in Fig. 2. We find that
there are three acoustic modes, including out-of-plane acous-
tic (ZA) mode, in-plane transverse acoustic (TA) mode, and
in-plane longitudinal acoustic (LA) mode, for all the struc-

tures and six (fifteen) optical modes for the monolayers (bi-
layers). We should note that phonon calculations for 2D struc-
tures with the unique soft ZA mode are very demanding on
precision.*”) We find our phonon spectra to be essentially free
of imaginary frequencies associated with decay modes. The
tiny imaginary frequencies near the I" point of the ZA mode
(w<1i cm™!) is an artifact related to numerical precision.*"!
The absence of imaginary frequencies in the phonon spectra
indicates the dynamical stability of the X1, layers. For both
of the monolayers and bilayers, the maximum vibration fre-
quencies Wmax of the three materials gradually shift down with
the increasing atomic mass of Ge, Sn, and Pb. Similar to the
monatomic linear chain model, the vibration frequency of the
phonon mode is dominated by the average atomic mass (M)
and interatomic bonding, and can be qualitatively estimated by
o o< \/B/M,* where B is the force constant. The trend of
Wmax can be understood because the increasing atomic number
leads to the increasing interatomic distance and consequently
decreasing force constant, as well as the increasing M in or-
der of Gel,, Snl,, Pbl,. The trend of wy.x also indicates the
similar decrease from Gel, to Pbl, in the lattice thermal con-
ductivity. To confirm this inference, we then explore the ki, of
X1, in the next section.

Gels
200 ——

(a) (b)

Snly

Pbl,
(c) : :

Monolayer

Bilayer

Fig. 2. Phonon dispersion in the first Brillouin zone for the monolayer (upper panel) and bilayer (lower panel) of [(a), (d)] Gely, [(b), (e)] Snl, and [(c),

(f)] Pbl,, respectively.

Based on the phonon Boltzmann transport equation
(BTE) and the interatomic force constant (IFC), we calcu-
lated the ki, of the X1, structures using the iterative method
in ShengBTE code.*!l As the results plotted in Fig. 3, & de-
creases as temperature increases and the values for the mono-
layers at 300 K reach 1.14 W-m~'.K~!, 0.78 W-m~!.K~!,
and 0.63 W-m~!.K~! for Gel,, Snl,, and Pbl,, respectively.
Our results of Gel, and Pbl, are consistent with previously

reported theoretical results.?®#!l The values of ki for the bi-
layers (1.74 W-m~ ' K=!, 1.25W-m~'.K~!, 1.05 W-m~'.K~!
for Gely, Snly, Pbl, at 300 K, respectively) are about 1.6 times
as large as that for the monolayers but still at a relatively low
level, which ensures their high TE efficiency. Our results of the
low in-plane ki, for Pbl, monolayer and bilayer are also rea-
sonably consistent with the experimental results of the crys-
talline Pbl, (0.681 W-m~'-K~! at 300 K)!*?! and the rela-
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tively low Debye temperature estimated by the experimentally
measured temperature-dependent band gap values. [*3! What is
more, the values of ki are found decreasing in order of the
increasing atom mass from Ge to Pb, which is consistent with
the phonon dispersion results discussed above.

The group velocity and the phonon lifetime have been
calculated to further explore the internal physical mechanism
of the intrinsically low ki of the X1, layers. The V, of each
phonon mode is calculated based on the second-order (har-
monic) interatomic force constants. As shown in Figs. 4(a)-
4(c), the monolayers and bilayers have similar distributions of
V, for all the X1 structures. In general, the V;; decreases with
the atomic mass increasing from Ge, Sn to Pb, indicating the
decreasing ki, from Gel; to Pbl,. Conventionally, the acoustic
modes at the low frequency dominate the thermal conductivity,
which is because the optical modes have relatively low group
velocities and hard to be excited for their high frequency.[#40]
In our investigated case, however, the low vibration frequency
of the optical phonon modes causes their involvements in the
low frequency thermal transport. Thus, all the X1 structures

have comparable values of V; for acoustic and optic phonon
modes.

—— Gelo-1L
—= SHIQ-IL
—— Pbl>-1L

—— Ge12-2L
4t —— Snl,-2L
- G812_2L

kL, (W-m—LK-1)

200 300 400 500 600 700 800
Temperature (K)

0
100

Fig. 3. Lattice thermal conductivity (ki) for XI, (X = Ge, Sn, Pb) monolay-
ers and bilayers as a function of temperature (7') calculated using iterative
solutions of the phonon Boltzmann transport equation.

SHIQ Pb12

0 50

100
w (cm™1!)

150 0 50

100
w (cm™1)

100 150

(cm)

150 0 50

Fig. 4. Frequency-dependent phonon group velocity (V) (upper panel) and phonon lifetime (7,,) at 300 K (lower panel) for monolayers (black dots)

and bilayers (red dots) of [(a), (d)] Gely, [(b), (e)] Snl,, and [(c), (f)] Pbl,.

Phonon lifetime Ty, is an important parameter to describe
phonon anharmonicity according to Egs. (2) and (3). It can
be calculated by the reciprocal of anharmonic three-phonon

scattering rates (ASRs)[47-48]
1 1 1
Ton Tan | T 5)
Tph  Tanh  Tiso

where Tph’l, Tanh ', and Tigo ! represent the total scattering
rate (the inversion of total lifetime of phonons), the anhar-
monic scattering rate, and the isotopic scattering rate, respec-
tively. Since the 7, is only related to the mass of element

e,[*) the value of Tyn

and has little effect on the scattering rat
mainly depends on the anharmonic scattering rate. Our results
of 7, for XI monolayers and bilayers at 300 K are plotted in

Figs. 4(d)—4(f). We find that for the low frequency modes, the

phonon lifetimes are longer in the bilayers (red dots) than that
in the monolayers (black dots), which may explain the larger
ki, of bilayer XI5, as shown in Fig. 3.

Next, electronic structures for XI, monolayers and bilay-
ers have been calculated. Our DFT-PBE results show that all
the calculated structures are semiconductors and the mono-
layer band gaps are 2.09 eV, 2.03 eV, and 2.51 eV for Gel,,
Snl,, and Pbl,, respectively, which are consistent with the pre-
viously reported values.*®! Given the heavy atomic mass of
Sn, Pb, and I, we have taken the spin—orbital coupling (SOC)
effect into consideration and present the DFT+SOC results of
the band structures and DOS in Fig. 5. All the calculated struc-
tures have an indirect band gap with the value a little smaller
than 2 eV. The band gap values of Pbl, are smaller than the ex-
perimental results for the crystalline Pbl, (2.346 eV at 300 K
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to 2.487 eV at 20 K)[*3! due to the well-known underestima-
tion for semiconducting band gaps of the PBE functional. We
thus checked the band gap values at the HSE06+SOC level of
Pbl,. The obtained value of band gap for Pbl, monolayer, bi-
layer, and bulk is 2.57 eV, 2.55 eV, and 2.49 eV, respectively.
We find that the band gap for Pbl, is not quite sensitive to
the number of the layers and the value for the bulk is in good
agreement with the experimental results at low temperature.
The band gaps of the bilayers are slightly smaller than that of
the monolayers in value, as the detailed values shown in Fig. 5.
We find that for all the structures at the conduction band min-
imum (CBM) there is a fairly strong dispersion, which hints
a high electron mobility, and consequently a high electrical
conductivity when carrier concentration is large enough. We
also note that for all the structures there are two energy peaks
located between I =M and K-I' in the valence band, whose
energy differences are less than 0.1 eV. Such multiple degen-
erate valleys (separate pockets of Fermi surface with the same
energy) at the valence band maximum (VBM) will help pro-
ducing large Seebeck coefficient without causing the reduction
of carrier mobility, which is beneficial to TE materials. [50-521
Considering values close to 2 eV of the band gaps, the optimal
working temperature is around 2000 K according to the so-
called “Ey ~ 10kpTopt” law, [53] but we here focus on the room
temperature region.

To obtain the electron transport properties of XI,, we cal-
culated the carrier mobility of X1, by the deformation potential

GeIg

theory34+-57]

eh3 CQD

H= kBTm*md(El)z’ (6)

where Cop is the elastic modulus for the 2D system, m* =
n* (d’E/ dk2)71 is the effective mass in the transport direc-
tion. We calculated m* of an electron (hole) by fitting the band
near the CBM (VBM) to a quadratic function. The average ef-
fective mass mg can be calculated by mgq = /mj-_,,my, .58
E| is the deformation potential defined by E| = AE.q, /(Al/Ip),
where AE,q, is the energy shift of the band edge with respect to
the vacuum level under the applied uniaxial strain Al/ly. Then
we calculated the relaxation time T according to the following
relation:

p==". ™

In Table 1 we list the calculated values of Ey, Cop, m*,
U, and 7 at 300 K. We find a nearly isotropic behaviour in the
electron mobility and relaxation time for both XI, monolayers
and bilayers. In addition, the values of u and 7 for electrons
in the bilayers are much larger than that in the monolayers,
which indicates a dramatic enhancement of electron transport
in the bilayers. In contrast, the u and 7 of the holes exhibit
strong anisotropy in the monolayers but are much weaker in
the bilayers. When compared with the monolayers, the T for
the holes in the bilayers are larger in the armchair direction but
smaller in the zigzag direction.

Monolayer

Bilayer

I" DOS

Fig. 5. Electronic band structure and density of states (DOS) for monolayers (upper panel) and bilayers (lower panel) of [(a), (c)] Gely, [(b), (¢)] Snly,
and [(c), (f)] Pbl,. The indirect band gaps are indicated by the blue arrows and the PBE+SOC values of band gaps are given.
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Table 1. Deformation potential constant (E}), 2D elastic constant (Cop), effective mass (m*), carrier mobility (1), and relaxation time (7) at 300 K for
XI5 (X = Ge, Sn, Pb) monolayers and bilayers. Calculated values for electrons and holes are denoted by ‘e’ and ‘h’. Zigzag and armchair directions are
denoted by ‘zz’ and ‘ac’.

Monolayer Bilayer

E; (eV) GCop (N/m) m* (me) u(cm?>V~ls™l)y 1 (fs) Ei (eV) GCop (Nfm) m* (m) u(cm?>V~ls™l) 1(fs)

e (zz) 5.51 23.71 0.23 308.64 40.36 5.50 48.10 0.22 686.18 85.83
Gel, e (ac) 5.56 23.70 0.24 290.48 39.64 5.49 47.98 0.23 657.09 85.92
h (zz) 2.74 23.71 0.71 68.32 27.58 3.62 48.10 1.02 27.71 16.07
h (ac) 4.60 23.70 2.71 6.32 9.78 4.52 47.98 7.50 2.42 10.30
e (zz) 4.21 15.48 0.27 251.25 38.56 3.99 31.62 0.25 678.83 96.49
Snl, e (ac) 4.20 15.51 0.28 243.42 38.75 4.00 31.56 0.25 674.88 95.92
h (zz) 1.67 15.48 1.01 93.49 53.69 3.03 31.62 1.38 19.34 15.18
h (ac) 4.10 15.51 1.56 9.99 8.86 3.06 31.59 5.50 4.75 14.87
e (zz) 3.35 13.93 0.33 236.35 44.34 3.28 28.57 0.29 689.62 113.70
Pbl, e (ac) 3.37 13.96 0.35 220.21 43.42 3.29 28.57 0.28 710.13 113.05
h (zz) 1.32 13.93 1.19 63.56 43.00 2.81 28.57 2.42 12.91 17.77
h (ac) 2.72 13.96 4.30 4.10 10.13 2.83 28.57 2.55 12.09 17.52

To further investigate the TE performance, in Fig. 6 we have plotted the S, o, PF, and ZT as a function of carrier concen-
trations (n) (n-type for electrons and p-type for holes) for XI, monolayers and bilayers in both armchair and zigzag directions at
300 K. As shown in Figs. 6(a)-6(f), the S has negative values for n-type doping and positive values for p-type doping. For all
the calculated structures, we find that the S displays no directional dependency and decreases with the increasing n. The p-type
S is larger than n-type due to the degenerate valleys at the VBM. The values of S for the bilayers are larger than that of the

monolayers.
GeIz SHIQ Pb12
10 Zigzag Armchair Zigzag Armchair Zigzag Armchair
' (b) c d e £
~ o6 ©) (@ (c) (0
. 0.2
- e Te—— emmzz==| | =2 z==f | == ===f | == z==
T —0.2}:: oozt oozt EEEEEE L--zz2e-770 L-z2325°700
5 F F E o Fos E
\(g —0.6 ---2L-n type
---1L-n type
—1.0 di
10.0 —
. ()
= 8.0 At
g 6.0 LiE
] Lo
T 4.0 s
= h
o 2.0 ,
0
o (p) (a) (r)
<
T
g 1
B i /’/, \\\
[a ) b hi oo
™) (w) ()
~
N
01 1 1001 1 10 o1 1 1001 1 10 o1 1 i0oo01 1 10
n (10'3 cm~2) n (10'3 cm~2) n (10'3 cm~2) n (1013 cm~2) n (1013 cm~2) n (1013 cm—2)

Fig. 6. Calculated [(a)—(f)] Seebeck coefficients (S), [(g)—(1)] electrical conductivity (o), [(m)—(r)] power factor (PF), [(s)—(x)] figures of merit (ZT') as
a function of the carrier concentration (n) for monolayers and bilayers of Gel, (left panel), Snl, (middle panel), and Pbl, (right panel) at 300 K. The
results along both zigzag (left sub-panel) and armchair (right sub-panel) directions are plotted. The p-type and n-type values are distinguished by solid
and dashed lines. The results for monolayer and bilayer are distinguished by color.
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From the o plots depicted in Figs. 6(g)-6(1), we find
that the n-type conductivity keeps isotropic and is greatly
larger than the p-type conductivity. The p-type conductivity
of monolayers shows significant anisotropy, while for the bi-
layers the anisotropy is much weaker. What is more, the n-type
conductivity of X1, bilayers is larger than that of monolayers
and for the p-type conductivity it is contrary. These results are
consistent with the data of carrier mobility and relaxation time
listed in Table 1.

The different behaviours of n- and p-type carriers mainly
originate from the dramatic differences between the effective
mass at the VBM of the monolayers and bilayers. As shown
in Table 1, the values of m* for the electrons in the bilayers are
close to that in the monolayers. The u and 7 for the electrons
in the bilayers are about twice as large as that in the mono-
layers due to their larger C,p. However, the values of m* for
the holes are generally much larger in the bilayers, leading to
the significantly lower y and 7 for the holes in the bilayers
compared with the monolayers.

Incorporating all the physical quantities mentioned above,
in the bottom two rows of Fig. 6 we have plotted the PF and
ZT as a function of n. We find that the curves of PF and
ZT have similar profiles. For the monolayers, both PF and
ZT have much larger values for p-type doping than that for
n-type doping. The maximum p-type ZT values reach 1.01
(n=2.10 x 10" ecm2), 2.01 (n = 1.69 x 103 cm~2), and
1.64 (n = 1.97 x 101* cm~2) at 300 K along zigzag direction
in Gel,, Snl,, and Pbl, monolayers, respectively. The values
of PF and ZT for p-type carriers in the bilayers (red lines) are
lower than that in the monolayers (black lines). However, the
n-type PF and ZT are greatly enhanced in the bilayers com-
pared to the monolayers due to the larger Seebeck coefficient
and electrical conductivity. The maximum n-type ZT values at
300 K for Gel,, Snl,, and Pbl, bilayers reach respectively 0.40
(n=3.78 x 1012 cm=2), 0.58 (n = 3.32 x 10'2 cm—2), and 0.95
(n =4.23 x 10'? cm~2). In addition, the PF and ZT for the
bilayers display much weaker in-plane anisotropy compared
with the monolayers. The nearly isotropic ZT values provide
consistent in-plane TE performance independent of direction
for X1, bilayers.

Finally, the confinement effect of a 2D system has been
considered. We calculated the PF enhancement factor (fg),
which is defined as fg = (L/A)P~3, where L is the spatial
confinement length, A = /27h? /kgTm* is the thermal de
Broglie wavelength, and D is the dimensionality.[!%°! Here
in our case of 2D X1I», D is equal to 2. The values of A, L,
and fg for both the monolayers and bilayers are listed in Ta-
ble Al in Appendix A. We find that in all the structures the
Je for n-type doping is much larger than that for p-type dop-
ing, resulting from the significantly smaller effective mass at
the CBM than that at the VBM, as shown in Fig. 5 and Ta-
ble 1. The fg values of ~ 19-23 (~ 5-13) for n-type (p-type)

doping in the monolayers and ~ 10-12 (~ 2-6) for n-type (p-
type) doping in the bilayers indicate the significantly enhanced
TE performance of the 2D structures compared with their 3D
counterparts.

4. Conclusion

In summary, by combining ab initio DFT calculations
with the Boltzmann transport theory, we investigated the elec-
trical and thermal transport properties and the TE performance
of the X1, (X = Ge, Sn, Pb) monolayers and bilayers. Phonon
spectra was calculated and the essentially absence of imag-
inary frequencies confirms the dynamical stability of all the
2D X1, structures. The relatively low frequency of the optical
modes leads to their as significant contribution to the thermal
conductivity as the acoustic modes, which is confirmed by the
group velocity distribution. The values of the lattice thermal
conductivity ki at 300 K for the bilayers are 1.74 W-m~1.K~!,
1.25 W-m~ LK™, and 1.05 W-m~ " K~! for Gel,, Snl,, and
Pbl,, respectively, which are about 1.6 times as large as that
for the corresponding monolayers but still at a relatively low
level. Electronic structure calculations show that all the mono-
layer and bilayer structures are semiconducting with an in-
direct band gap close to 2 eV and the bilayers have slightly
smaller values of band gaps than the monolayers. In addition,
the X1, bilayers have much higher electron mobility and relax-
ation time than the corresponding monolayers. The TE perfor-
mance calculations show that the monolayers exhibit dramat-
ically anisotropic TE performance and have higher efficiency
for p-type doping than the bilayers. The highest p-type ZT val-
ues along zigzag direction reach 1.01, 2.01, and 1.64 at 300 K
for Gelp, Snl,, and Pbl, monolayers, respectively. The bi-
layers, however, exhibit nearly isotropic TE performance and
have higher efficiency for n-type doping than the monolay-
ers. The highest n-type ZT values reach 0.40, 0.58, and 0.95
at 300 K for Gel,, Snl,, and Pbl, bilayers, respectively. The
nearly isotropic ZT values provide consistent in-plane TE per-
formance independent of direction for X1, bilayers.

Although the experimental results for the TE performance
have not been reported so far, low thermal conductivity of Pbl,
has been experimentally measured**! and 2D SnlI, down to
the monolayer has also been successfully prepared in experi-

(0] These encouraging experimental progresses

ment recently.
supply a reasonable prospect of the applications for 2D X1, in
TE materials. Our finding of the difference between the mono-
layer and bilayer for the doping type with superior figure of
merit and the in-plane anisotropy indicates that the inter-layer
interaction plays an important role in the TE performance of
XT,. It provides an effective tunability on the TE character-
istics of few-layer X1, and will be of significant value in the

relative experimental study in the future.

047201-7



Chin. Phys. B 31, 047201 (2022)

Appendix A: The confinement effect

Table Al. The PF enhancement factor (fg) for XI (X = Ge, Sn, Pb) monolayers and bilayers. L is the spatial confinement length and A is the thermal
de Broglie wavelength. Calculated values in zigzag and armchair directions are denoted by ‘zz’ and ‘ac’.

Monolayer Bilayer
A (nm) L (nm) fe A (nm) L (nm) fe
n-type (zz) 17.94 23.15 18.35 11.84
n-type (ac) 17.57 22.67 17.95 11.58
Gel, p-type (zz) 10.21 0.775 13.17 8.52 11350 5.50
p-type (ac) 5.23 6.75 3.14 2.03
n-type (zz) 16.56 21.59 17.21 11.22
n-type (ac) 16.27 21.21 17.21 11.22
Snl p-type (zz) 8.56 0.767 11.16 7.33 1534 4.78
p-type (ac) 6.89 8.93 3.67 2.39
n-type (zz) 14.98 19.06 15.98 10.15
n-type (ac) 14.55 18.51 16.26 10.35
PbI, p-type (zz) 7.89 0.786 10.04 5.53 1.572 3.52
p-type (ac) 4.15 5.28 5.39 3.43
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