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ABSTRACT

We predict the thermoelectric properties of layered [GeTe],[Bi,Te;], (GBT) compounds (1 < m =< 8,
1 = n = 3), using first-principles-Boltzmann transport calculations of the homogeneous (Bi,Te; and

GeTe) data. The lattice strain and the quantum-confinement effects of compounds evolve the
bandgap structures, resulting in asymmetric and large Seebeck coefficient, at high GeTe content.
Using semi-empirical calculations of electron scattering rate 1/7,, dominated by electron-acoustic
phonon scattering, we reproduce reported TE properties of GBT compounds. We predict that due to
small Seebeck coefficient, the GBT compounds with high n- and p-type doping (~10* cm™), do not
have high ZT near room temperature. However, we predict that the moderately-doped (~10" cm™),

p-type GBT compounds have enhanced ZT = 1.4 near room temperature.
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I. INTRODUCTION

The layer mixing of heterostructure is promising for enhancing thermoelectric (TE) properties, i.e.,
the figure of merit ZT = S*0T/pk, where S is the Seebeck coefficient, o is the electrical conductivity,

Kk is the thermal conductivity, and 7 is the absolute temperature [1-9]. Intrinsic interface effect
modifies the electrical properties by altering the band structures and the bandgap energy. Also the

phonon scattering at the interface reduces the lattice thermal conductivity (x;), which can dominate «.

The [GeTe], [Bi,Te;], (GBT) compounds, Fig. 1, are naturally mixed-layer compounds of two
distinct TE materials GeTe and Bi,Te; [10-15], having the same rhombohedral symmetry (space
group R3m, 160). So, GBT compounds with (m, n) can be synthesized, and these as well as the
GeTe-Sb,Te; (GST) compounds have also been used in the phase-change memory devices due to
their amorphous to cubic/rhombohedral crystal phase transition upon thermal annealing [16-18].
There have been studies on their TE properties with ZT of 0.2 ~ 0.5 at room temperature [12-15,19].
Recently, [GeTe], os[Bi,Te;], s and [Ge, ¢, Pb, 5Te],o;[Bi, Te;],0; have been reported with high ZT of
1.6 and 2.0, respectively, so the mixture of the two compounds could also be considered promising
[20,21]. The GBT nano-wires were synthesized at various compositions, showing reduced
dimensionality and electrical anisotropy enhance TE properties [22]. Theoretically, PbTe-Bi,Te,
(PBT) compounds have been predicted to have larger bandgap energy than Bi,Te; and improved TE
properties with intermediate operating temperatures [23]. Other theoretical studies of these

compounds have been focused on their topological properties [24-27].

Here we investigate the electronic structures and TE properties GBT compounds, using density
functional theory (DFT) [28,29] and the Boltzmann transport equations (BTE) [30]. We explore
GBT compositions (1 = m = 8,1 < n = 3) over a range of temperature 100~500 K. There have
been few studies with controlled carrier concentration in GBT compounds [12,19], so consider two
representative carrier concentrations: 10" ¢cm™ and 4x10* c¢cm™. By employing a semi-empirical

presentation of electron scattering time (7,), we first successfully reproduce the reported ZT of



Bi,Te, and several GBT compounds. Then we proceed to new compounds and predict that their

room temperature Z7 can reach upto 1.4 form=8 andn=1.



II. METHODS

We used Vienna ab initio simulation package (VASP) code for finding optimal crystal structure

(both lattice constants and atomic positions) of homogeneous GBT compounds in the range of 1 = m
<8and 1 = n = 3[28]. In the DFT calculation, the projector augmented wave (PAW) method was

used with the generalized gradient approximation by Perdew, Burke, and Ernzerhof (PBE-GGA) as
an exchange correlation potential [31]. The cut-off energy in the plane-wave expansion of the
valence states was set to 500 eV, and the self-consistent-field convergence thresholds were 10 eV
and 0.001 eV/A for the total electronic energy and force, respectively. The I'-centered 8x8x2 k-
mesh was used in the full Brillouin zone (BZ). To treat heavy Bi atoms, we have considered the
spin-orbit (SO) coupling. To consider van der Waals (vdW) interaction, we also have considered the
Grimme method (DFT-D2).[32] For empirical Cs and R, parameters of Ge and Te, we followed

those reported [32] and used Cs = 63.55 J-nm®/mol and Ry = 1.9 A for Bi [33].

Based on the relaxed crystal structures, we calculate the electronic structure of GBT compounds by
using WIEN2k code [29], which uses a full potential linearized augmented plane-wave+local
orbitals (L/APW+lo) methods based on the DFT. For the estimation of the band gap, we have tested
both PBE-GGA and EV-GGA (GGA by Engel and Vosko) [34] for the exchange correlation
potential and found that two results give similar trends, so we only show the results using the PBE-
GGA. As the non-overlapping radius of muffin-tin (RMT), 2.5 in atomic unit were used for all
atomic species. The 10x 10x 10 k-mesh is used for the self-consistent charge density calculation and
dense 36x36x36 k-mesh is used for precise description of the TE properties. Using the calculated
electronic structures and rigid band approach, the TE properties are calculated with semi-classical
BTE implemented in BoltzTraP code [30]. In the BTE, we consider the temperature dependent 7,

with semi-empirical treatment which will be described in Section III.C.



III. RESULTS AND DISCUSSION

A. Crystal and electronic structures

The crystal structures of homogeneous GBT compounds are summarized in Fig. 1 [10,11,15].
According to the reports by Kooi and De Hosson, GeTe is inserted in the middle of Bi,Te; quintuple
layers as shown in Fig. 1(c) [35]. For higher compositions of Bi,Te; (m < n), GBT compounds have
mixed layers with one GeBi,Te, and (n-1) Bi,Te, layers as shown in Fig. 1(b). In order to verify the
tendency of the lattice parameters with various compositions of GeTe and Bi,Te;, we have relaxed
all the crystal structures and compared them to the experimental reports. The calculated lattice
constants of GBT in Fig. 2(a) show good agreement with the experimental values within 2 % error.
This is coming from the choice of vdW interaction, where typical PBE highly overestimate the
lattice constants and vdW bond length.[36-39] The lattice constant a and ¢ decrease linearly with the
alloying ratio (m+2n)/(m+3n). Figure 2(b) also shows the change of the interlayer distances for each
atomic species, which indicates little change of the interlayer distances for a covalent Ge-Te and Bi-
Te bonds. So the electronic structure of GBT compounds would be mainly affected by the change of
lattice constant a. Note that there are clear differences in the Ge-Te interlayer distances between the
GBT compounds and pure GeTe. In pure GeTe, the ferroelectricity makes the distortion in Ge-Te
interlayer distances [40]. In the GBT compounds, however, the distortion in Ge-Te interlayer
distances is much reduced and it becomes almost cubic like structure. Because cubic GeTe has been
suggested as a thermoelectric material with large value of ZT [41], the GBT can be considered

mixture of good TE materials, as will be discussed later.

We calculated the electronic structures, using relaxed crystal structures and Fig. 3 shows the orbital
projected density of states (DOS), band structures along z direction (cross plane) and bandgap
energy (E, 4) of the GBT compounds. The E, ; for Bi;Te; is 0.13 €V, comparable to experiment (~
0.16 €V) [42]. The E, 4 for GeTe is 0.34 €V, comparable to experiments (rhombohedral, 0.38 ~ 0.66

eV) [43-45]. For the GBT compounds, Ge and Bi p-orbitals significantly contribute to the



conduction band edge of the bandgap. The Te (1) at the center of Bi,Tes quintuple layer [Fig. 1(a)]
contributes to the valence band edge, while Te (2) in the vdW layers contributes to both conduction
and valence band edges. The DOS and the band structures of GeBi,Tes (m =1, n = 1) in Fig. 3(b) are
similar to those of Bi,Te; in Fig. 3(a), as compared to those of GeTe in Fig. 3(c). The arrows and
dashed lines in Fig. 3 indicate band shifts. The bandwidth of Bi,Te; (GeTe) enlarges (shrinks) with
respect to their conduction and valence band centers, due to the strain (tensile) in the in-plane lattice
constant. Therefore, the bands with Bi,Te; (GeTe) contribution shifts toward (away from) the
bandgap center. In Figure S1, the DOS changes for the entire GBT compounds [46], becoming
progressively larger with higher GeTe content. In addition to shift in peaks, additional bands with Ge
s-orbital contribution at the valence band (~ -0.3 eV) become dominant at high GeTe content. The
combination of strain and appearance of the Ge s-orbital causes asymmetry in DOS (heavier for
valence band) at high GeTe content (Fig. S1). This results in asymmetric Seebeck coefficient, with
shift toward the conduction band. For moderate doping conditions where the chemical potential is
located near the band gap, the Seebeck coefficient for the p-type GBT compounds increases, but for

the n-type it decreases (with sign change).

Another feature in the electronic structures of GBT compounds is the change of dimensionality due
to the quantum confinement effect on Bi,Tes, where the insertion of GeTe insulating layer separates
the BiyTes; layers. The conduction band minimum and valence band maximum of GBT compounds
have mainly Bi,Te; characters near I'-Z symmetry line. So, the quantum confinement effect reduces
the band dispersion near the band gap with increasing GeTe ratio as shown in Fig. 3(d). According
to the Mott formula [47], this flat band dispersion results in high Seebeck coefficient along out-of-
plane direction for high GeTe content as will be discussed in Section III.C. With the combination of

the strain effect and the quantum confinement effect, the obtained E, 4s of whole GBT compounds

are lower than that of Bi,Te;, as summarized in Fig 3(e). The GST compounds with the
rhombohedral phase are reported to have almost zero bandgap [48], which is also consistent with our
results. It is interesting that Bi,Tes, GeBi,Tes (m = 1, n = 1), and Ge,Bi,Tes (m =2, n = 1) behave as

topological insulator because of the band gap inversion induced by the strong SO interaction in Bi



atoms [24-27]. As the band dispersion becomes flatter, however, the band gap inversion disappears
beyond Ge;BiyTes (m = 3, n = 1), which results in minimum E, 4, and GBT compounds with higher

GeTe content become normal insulators.
B. Semi-empirical approach of electron scattering time

For the calculation of electrical conductivity within the usual BTE calculation, a constant scattering
time approximation (CSTA) is used because the exact description of 7, is challenging due to its
multiple mechanisms.[30] The Seebeck coefficients for various TE materials are well reproduced
using the BTE with the CSTA [30,49-53], since the constant 7, cancels out in the calculation steps.
However, the electrical conductivity in the BTE only considers the group velocities of the electrons

(effective mass) and their thermal activation (carrier concentration) from the bands structures. Figure

S2 shows the electrical conductivity tensor (> ) from the BTE with the CSTA, for several GBT

e,BTE
compounds and Bi,Tes;. Compared to the experimental electrical conductivity in Figs. S3(a) and (b),
there is weak temperature dependence. The complex scattering mechanisms such as electron-phonon
scattering, electron-impurity scattering, and point-defect scattering, result in temperature dependence
of the electrical conductivity, cannot be realistically included in the CSTA. Therefore, an accurate
description of the temperature- and doping-dependent 7, is critical in predicting the electrical
conductivity [54,55]. There have been many attempts to determine each scattering parameters from
the first-principles calculations within density perturbation functional theory (DFPT) [56] or by the
empirical Kane model considering non-parabolic band dispersion fitted by experimental data [57,58].
However, the DFPT calculations cannot consider the entire scattering mechanisms and the Kane

model requires many complicated fitting parameters.

We employed a semi-empirical approach to describe 7, from the electrical conductivity tensor from

the BTE (= (T, 1)) and the experimental conductivity (¢ exp (T)) [12,59-64].

¢,BTE

Te(T\ 1) = O exp (T, 1)/ 2, g (T, 1), (1)



where > (T, ) is the directional average of the electrical conductivity tensor = 8 (T, ), given

e,BTE
by
1 0f.(T; €)
g T =7 [ 20 © {— T} de, @)
1
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where i describes the band index, k describes the momentum in Brillouin zone, and Greek letter (c,
p) describes directional index. V is the volume of unit cell, N is the number of k-points sampled,
v, (i, k) is the group velocity of electron (= 1/h - Vyeg;y ), and f,(T; &) is Fermi-Dirac distribution
at temperature 7 with chemical potential u. Here, we assume constant 7, for given momentum and
band index, but consider its variation with 7 and u. Then we estimate 7, (T, u) with experimental
conductivities and the conductivity tensor from the first-principles calculations, for various

compounds.

The predicted 7, (T, 1) is compared with experimental results for Bi,Te; and GBT compounds, and
summarized in Fig. S3 [46]. For Bi,Te, of moderate carrier density (~10" cm™), 7, are similar and
consistent with the empirical Kane model [58]. The averaged 7! for Bi,Te; shown in Fig. S3(e) is
consistent with experiments [59-64], and follows ~ T2 representing the two-phonon processes in
electron-acoustic phonon scattering of non-degenerate semiconductors [54,65]. For the GBT
compounds of high carrier density (> 2x 10*° cm™), ;! has a behavior expected from the measured
conductivity. Here, we use 7,1 = 771 + AT, where 7,/ ! represents the residual scattering rate and T
is based on the electron-acoustic phonon scattering for highly degenerate semiconductors. The
scatter in 7,1, arises from the sample quality (impurity, defect, etc.). So, we choose 7,1 to give
consistent electrical conductivity at room temperature for the GBT compounds [15]. We expect the
scattering rate to be nearly the same for the GBT compounds and Bi,Tes, for a given carrier density,

due to the similar crystal and the band structures. We use the electron scattering time of the Bi,Tes at



10" cm™ (Fig. 4) for the entire GBT compounds at the same doping, and the scattering time of the

GBT compounds at 4x 10*° cm™ for Bi,Tes at the same doping (Fig. 5).

C. TE properties

GBT compounds have naturally high carrier concentration in nature due to the non-stoichiometry
of both GeTe and Bi,Te, parts. GeTe is usually highly doped p-type material (p > 2x 10* cm™) with
excess Te [66], while Bi,Te; is n-type with excess Bi [67]. So, the GBT compounds become p-type
for high GeTe content (m > n) and n-type for high Bi,Te, content (m < n).[10] Based on the DFT
band structures, we have calculated the temperature-dependent TE properties (electrical conductivity,
Seebeck coefficient, and ZT) of compounds at both hole and electron doping of 10" cm™ and 4x 10*°
cm™, using the BTE with the semi-empirical description of the scattering time as described above.
Note that we only compare the TE properties of Bi;Tes and GBT compounds because the GeTe has a
different crystal structure from that of the GeTe in GBT (which results in different electronic

structure, as we discussed [41,68]).

Based on the calculated 7, [inset in Figs. 4(a) and 5 (a)], the experimental electrical conductivities
(Figs. 4 and 5) are well reproduced at both moderate (10" cm™) [61,63,64] and high carrier
concentration (4x10°° cm™) [13,14,69]. Note that all the GBT compounds are well described with
the same scattering rate, which indicates that the scattering mechanism should be similar between
each compounds at given carrier concentration. Since we have assumed the same carrier
concentration and residual scattering time 7, for all compounds, the small disagreement with
experimental data can be acceptable. At high carrier concentrations shown in Figs. 4(a) and (b), the
electrical conductivities show almost similar results for all GBT compounds and Bi,Tes, since they
have similar electronic structures at high chemical potential. While, the n-type Bi,Tes; has higher
conductivity due to larger group velocity with more dispersive conduction bands as shown in Fig.
3(d). At moderate carrier concentration shown in Figs. 5(a) and (b), the electrical conductivities of

GBT compounds generally show lower values than those of Bi,Tes;, due to their flatter band



structures near the bandgap [Fig. 3(d)]. For the case of p-type GBT, the increased contribution of the
Ge s-orbital at high GeTe content results in high conductivity close to that of Bi,Tes. For the n-type
cases, there are no such states and the electrical conductivities decrease monotonically as the GeTe

content increases.

For the Seebeck coefficient, our results are consistent with experiments from GBT compounds,
presented in Figs. 4 and 5, at room temperature. Here, the n-type GBT compounds show larger
Seebeck coefficient compared to experiments, understandable since the experiments are restricted to
large BiyTe; contents. In Figs. S4, the temperature dependence is also well predicted by our BTE
treatment. At high carrier densities, the chemical potential is high enough (£0.3~0.5 eV) and the
Seebeck coefficient is affected by the DOS peak. The Seebeck coefficient of GBT compounds is
higher compared to BiyTe;, due to more pronounced DOS peak shifted toward the bandgap.
Compared to the p-type compounds, the n-type shows larger Seebeck coefficient (larger and sharper
DOS peak at conduction band). For moderate carrier concentration, the strain and the quantum
confinement effects (Section III.A), results in asymmetry and large Seebeck coefficient of the p-type
GBT compounds at high GeTe contents. However, the n-type GBT compounds have smaller

Seebeck coefficient (and sign change with temperature).

To calculate Z7, we have used the constant lattice thermal conductivities (x;) whose values are
comparable to the experimental values near 300 K: 1.2 W/m-K for Bi;Te; [63] and 0.5 W/m-K for
whole GBT compounds [14]. Also, the electrical thermal conductivity is calculated using the
Wiedermann-Franz law [70]. At high carrier concentration shown in Fig. 4, small electrical
conductivity and Seebeck coefficients results in small Z7 of GBT compounds. Despite of small band
gap, whole compounds show the enhancement of Z7 with increasing temperature, which is the
characteristic of highly degenerated semiconductor. At moderate carrier concentration shown in Fig.
5, the p-type GBT compounds show better TE performances than Bi;Te; with a combination of

larger Seebecck coefficient and lower lattice thermal conductivity, while retaining comparable

10



electrical conductivity. Among the considered compounds, GegBixTe; (m = 8, n = 1) is predicted to

have the best TE performances with Z7 ~ 1.4.

To check the validity of our results, we have compared our calculated Z7 with experimental reports,
as summarized in Fig. 6. Here, we have chosen experimental results for the optimal Z7 at moderate
carrier concentration and room temperature Z7 values at high carrier concentration. To show the
possible ZT ranges near room temperature, we have plotted the calculated Z7 at various temperature
ranges (200 ~ 400 K). For moderate carrier concentration, there are few experimental results
supporting our calculations, but all showing good agreement. Our results show that the band
engineering by lattice-strain and quantum-confinement effect on GBT compounds can enhance the
ZT of the p-type BirTe; upto 1.4. We expect changing Bi,Tes to (Bi;.xSby),Tes, which has higher ZT
(~ 1.5) [71], can further enhance the Z7. Note that this carrier density regime may not be optimal for
the best thermoelectric performance because the data on scattering properties as function of
temperature are available only for two conditions (10" and 4x10* c¢cm™) given by Fig. S3. At high
doping, the calculated ZT shows good agreement with experimental results. The discrepancy in
variation of Z7 with composition can be due to the residual resistivity of the GBT compounds. All
GBT show enhanced ZT at room temperature, compared to pure GeTe. The obtained Z7 is similar to
that of the cubic Ge,«PbsTe with Bi,Tes; doping, which shows high ZT (~ 1.9) at 800 K [21].
Although the electronic structures of GBT compounds and GeTe are much different, it shows that

high-dopant GBT compounds could be used in TE devices in the intermediate temperature range.

11



VI. CONCLUSIONS

In summary, we have checked the electronic structure and TE properties of GBT compounds for

various compositions (1 =< m = 8,1 = n = 3). GBT compounds are the mixture of GeTe and

Bi,Te;, where GeTe intercalated in to Bi,Te; quintuple layers. The band structures of GBT
compounds are similar to that of Bi,Te, with in-plane strain effect. Also, the separation of Bi,Te;,
quintuple layers with a large band gap semiconductor GeTe makes for significant quantum-
confinement effect on the electronic structures of Bi,Te;. With the combination of these two effects,
the electronic structures of the GBT compounds have asymmetric distribution of DOS and flat band
dispersion near the band gap. On the basis of the electronic structures, we have explored the
temperature-dependent TE performance, using semi-empirical electron scattering time. Our results
show good agreement with the reported experimental results for high carrier concentration (4x 10
cm'3) [13,14]. It shows enhancement of ZT over the pure GeTe, considered as good TE material in
the intermediate-temperature range [21]. For moderate carrier concentration (1019 cm'3), which is
optimal doping for Bi,Te, [59-64], the p-type GBT with m = 8, n = 1 is predicted to have best ZT
upto 1.4 near room temperature. The results show that band engineering by strain and quantum-
confinement effect could enhance the TE performances. Also, our semi-empirical 7, can be used to

guide search optimal composition for to other TE systems.
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Figure 1 (Color online) Side view of crystal structures for GBT compounds with (m, n) compositions of
GeTe and Bi,Tes, guided by the lattice constant a. Each color describes Ge (purple), Bi (yellow), and Te (gray)
atoms. The crystal structures is obtained by VESTA program.[72]
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Figure 2 (Color online) (a) Lattice parameters a and ¢/N (N: # of atoms in unit cell) as a function of the
alloying ratio (m+2n)/(m+3n) which increases with high GeTe content.[10,14] The grid lines indicate the (m,
n) compositions of GeTe and Bi,Te;. (b) Inter-layer distances for each atomic layers. The GBT have 2m+5
layers in the unit cell and m kind of interlayer distances. Each color describes interlayer distances from the
vdW layers of gray color (Te-Te) to innermost atomic layers (Te-Ge or Ge-Te).
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Figure 3 (Color online) (a ~ ¢) The DOS of Bi,Te;, GeBi,Tes [(1, 1) composition], and GeTe with their
orbital characteristics. The displacement of DOS peaks with similar orbital characteristics are indicated by
arrows and dashed lines in the plot. (d) The variations in the band dispersion of Bi;Te; and GBT along the z-
direction (cross-plane) with composition. (e) Calculated bandgap energy of Bi,Te; and the GBT compounds
and comparison with experiments. Each color distinguishes the characteristics of the bandgap as topological
insulator and band insulator. See Fig. S1 for the variations of DOS and the band dispersion along the z-

direction of entire GBT compositions.
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Figure 5 (Color online) The calculated temperature-dependent (a, b) electrical conductivities, (c, d) Seebeck
coefficient, and (e, f) ZT the GBT compounds at moderate carrier concentration p(n) = 10" em?, compared
to those of Bi,Te; Inset: The calculated t, from Eq. (1).[46] It is compared to other reports with the Kane
model.[58]
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