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Bismuth telluride (Bi, Te;) based thermoelectric (TE) materials have been commercialized successfully as
solid-state power generators, but their low mechanical strength suggests that these materials may not be
reliable for long-term use in TE devices. Here we use density functional theory to show that the ideal shear
strength of Bi, Te; can be significantly enhanced up to 215% by imposing nanoscale twins. We reveal that the
origin of the low strength in single crystalline Bi, Te; is the weak van der Waals interaction between the Tel
coupling two Tel—Bi—Te2—Bi—Tel five-layer quint substructures. However, we demonstrate here a
surprising result that forming twin boundaries between the Tel atoms of adjacent quints greatly strengthens
the interaction between them, leading to a tripling of the ideal shear strength in nanotwinned Bi, Te; (0.6 GPa)
compared to that in the single crystalline material (0.19 GPa). This grain boundary engineering strategy
opens a new pathway for designing robust Bi,Te; TE semiconductors for high-performance TE devices.
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The continued use of fossil fuels to satisfy escalating
global energy requirements is causing severe unacceptable
environmental impact. This has generated renewed interest
in thermoelectric (TE) conversion technology to convert
waste heat directly into electricity, which involves no CO,
production, is scalable to large power plants, and involves
no moving parts (silent) [1]. Over the past two decades, the
conversion efficiency (z7) of TE materials has enhanced
remarkably, approaching to ~1.8 [2—4], putting TE materi-
als on the threshold of commercial applications. However,
under severe operation conditions, TE materials suffer from
unavoidable thermomechanical stresses from cycling of the
temperature gradients, leading to rapid deterioration of
material performance and accelerated failure of TE devices
[5-7]. In order for thermoelectrics to play a significant role
in engineering applications to alternative energy, the
strength and the toughness must be dramatically enhanced.

Industrial low temperature waste heat accounts for
almost one-third of total energy consumption [8]. The
bismuth telluride (Bi, Te;) state-of-the-art TE material has
been widely used for TE refrigeration in this temperature
range (300-550 K) [9], and is now being considered in the
automotive industry for recovering waste heat from exhaust
systems. Traditional elemental doping strategies have
been successful in significantly improving TE properties
[10,11], but they have had little effect on enhancing the
mechanical properties [12]. Recently, nano-SiC particles
dispersed in Bi,Te; were reported to enhance mechanical
strength compared to pure Bi,Te;, but with concomitant
deterioration of the electronic transport properties [13].
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A well-known mechanism for strengthening metal alloys
is to increase the number of such interfacial boundaries as
grain boundaries (GBs) and twin boundaries (TBs). These
boundaries can strengthen the material by pinning disloca-
tions to impede their movement. One way of achieving
increased strength is to increase the density of GBs by
reducing grain size, the Hall-Petch effect [14,15]. However,
below a critical size, sliding or migration of GBs dominates
the deformation mechanism, leading to reduced material
strength [16,17]. This grain size effect has been widely
examined in metal alloys and ceramics [18-20], but not in
nanocrystalline semiconductors. TBs are expected to have a
much lower formation energy than GBs, making TBs more
stable than GBs, which can make them more effective in
strengthening materials [21]. For example, ultrafine-grained
Cu with nanoscale twins embedded in individual grains
leads to a superstrength relative to conventional coarse-
grained polycrystalline Cu [22]. In addition, nanotwins in
ceramics have been found to dramatically enhance the
hardness of diamond and boron nitride [23,24]. However,
the influence of nanotwins on the mechanical properties of
TE semiconductors remains largely unexplored.

Very recently, a GBS’ engineering strategy was proposed
to reduce the lattice thermal conductivity and thereby
significantly enhance the z7" value of TE semiconductors
[25-28]. In particular, the dense dislocation arrays formed
at low-energy GBs from liquid-phase compaction in
bismuth telluride based TE materials has been demon-
strated to dramatically decrease the thermal conductivity
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resulting in a dramatically improved z7 of 1.86 at 320 K
[25]. This GB strategy has been further applied in other
TE semiconductors such as PbTe, Mg,Si, and CoSbsy for
enhancing their z7 values [26-28]. In addition, nano-
twinned bismuth telluride also can promote superior TE
performance and robust mechanical properties [29], which
further suggest that nanoscale twins may play an essential
role in the mechanical properties of TE semiconductors.

Here we use the Perdew-Burke-Ernzerhof (PBE) density
functional to examine the shear stress-strain relationship of
single crystalline and nanotwinned bismuth telluride
(Bi,Te;). We find that the weak van der Waals interactions
between the Tel atoms dominate the failure process of
crystalline Bi,Tes, leading to a very low ideal shear
strength of 0.19 GPa. However, we show that the presence
of nanoscale twins leads to increased covalency in the
Tel bonds between adjacent quints at the twin boundary,
which significantly improves the structural stiffness. This
strengthening mechanism results in a dramatically
improved ideal shear strength of 0.60 GPa for nanotwinned
Bi,Tes, triple the value (0.19 GPa) for single crystal-
line Bi, Te;.

All density functional theory (DFT) simulations were
performed using the periodic code Vienna ab initio
Simulation Package (vAsp) with plane wave basis sets
[30-32], adopting the projector augmented wave (PAW)
method and the PBE exchange-correlation functional applied
to account for the core-valence interactions [33]. We show
that an energy cutoff of 600 eV with a (10 x 10 x 2)
Monkhorst-Pack grid in the k point reciprocal space sam-
pling gives excellent convergence on energy and geometries.
The convergence for the electronic self-consistent field and
the force criterion were set to less than 1 x 107 eV and
1 x 1072 eV/A, respectively. Spin-orbit coupling (SOC)
was included in the structural optimization of Bi,Tes.

To examine the failure mechanism, we applied pure
shear deformation by imposing the shear strain on a
particular shear direction while allowing full structural
relaxation along the other five strain components. The
residual stresses for relaxation along the other strain
components are all set to less than 0.1 GPa [34].

Bi,Te; crystallizes in a thombohedral structure with the
space group R3m(D3,;), which can be visualized as a
hexagonal lattice cell made of Tel—Bi—Te2—Bi—Tel
five-layer (quint) substructures along the [001] axis as shown
in Fig. 1(a) [35,36]. The shorter covalent Bi—Tel (3.11 A)
and longer (weaker) covalent Bi—Te2 (3.30 A) bonds
stabilize the quint five-layer substructure, while the quints
are coupled via van der Waals interaction between the Tel
atoms of adjacent quints (drej—te; = 3.82 A). These weak
van der Waals interactions control the ease of cleavage along
the (00/) axis [35,36]. PBE gives equilibrium lattice param-
eters of a = 4.47 and ¢ = 31.15 A. These values agree well
with the previous results (a = 4.45, ¢ = 31.15 A) using the
PBE functional [37], and are only 1.8% and 3.3% larger than

(b) TBs—>

TBs—>

Five-layer
Substructure
(quints)

Five-layer
Substructure
(quints)

[001]

b [100]
TBs—

FIG. 1. (a) Crystal structure of untwinned Bi,Te; showing the
hexagonal unit cell, which consists of Tel—Bi—Te2—Bi—Tel
quints (five-layer substructures) along the [001] axis. The
hexagonal unit cell contains 6 x Bi and 9 x Te atoms, which
are shown in purple and light yellow spheres, respectively.
(b) Nanotwinned Bi,Te; structure with the TB along the
{702} plane. The unit cell contains 40 x Bi and 60 x Te atoms.
The measured angle on each side of the TBs is 37°, and the
twinning size is 2.4 nm. The black rectangle region represents the
unit cell in nanotwinned Bi,Te;. The weak covalent Tel—Tel
bond (dyej—1e; = 3.48 A) in Fig. 1(b) is much stronger than the
van der Waals Tel — Tel interactions (drei—te; = 3.82 A) in
Fig. 1(a).

the experimental values of a = 4.39 and ¢ = 30.50 A at
300 K, respectively [38].

Here, we used DFT to determine the atomic structures of
three nanotwinned Bi,Te;, with TBs lying along (i) The
{702} plane, see Fig. 1(b), leading to an interfacial energy
of 325.6 mJ/m?. The TB along the {702} plane contains
60 x Bi and 90 x Te atoms. The measured angle on each
side of the TBs is 37°, and the twinning size is 2.4 nm.
Along the TB plane of {702}, two new covalent Tel—Tel
bonds (3.48 A) are formed, further coupling adjacent
Tel—Bi—Te2—Bi—Tel. (ii) The {701} plane, see
Fig. S1 [39], leading to an interfacial energy of
385.7 mJ/m?. (iii) The {210} plane, see Fig. S2 [39],
leading to an interfacial energy of 440.7 mJ/m?. These
three nanotwinned Bi,Te; have been experimentally
observed recently [29,40].

To understand the intrinsic failure mechanism of Bi, Te;,
we examine the deformation process of single crystalline
Bi,Te;. We used DFT to determine the shear-stress-shear-
strain relationships of single crystalline Bi,Te; along
various directions within the (001) cleavage plane, as
shown in Fig. 2(a). Each slip system shows extremely
low ideal shear strength of (i) 0.16 GPa for the (001)/(502)
slip system, (i) 0.19 GPa for the (001)/(50—1) slip
system, and (iii) 0.22 GPa for the (001)/(210) slip system.

This agrees well with the experimental observation that
Bi, Te; easily cleaves along the (00/) plane [35,36]. Beyond
the maximum shear stress point, each slip system exhibits an
obvious “yielding” stage, indicating a softening structural
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FIG. 2. Deformation behavior of single crystalline Bi,Tes.
(a) The shear-stress-shear-strain relationships under shear defor-
mation along various slip systems. (b) The bond stretching ratio
(Tel—Tel, Bi—Tel, Bi—Te2) with increasing shear strain along
the (001)/(50-1) slip system. (c) The atomic structure at 0.071
shear strain corresponding to the maximum shear stress along
the (001)/(50-1) slip system. (d) The atomic structure at 0.221
shear strain corresponding to highly softening Tel—Tel bond
along the (001)/(50-1) slip system. The red dashed lines and red
ellipses displayed in Figs. 2(d) highlight the van der Waals
Tel—Tel bond softening.

stiffness. To determine bond-response processes, we
extracted the atomic configurations at critical strains and
bond length changes, as shown in Figs. 2(b)-2(d). The van
der Waals Tel—Tel interactions dominate the ideal shear
strength and its deformation modes of crystalline Bi,Tes.
Along the (001)/(50 — 1) slip system, the weak van der
Waals Tel—Tel interatomic distance stretches rapidly, with
a bond stretching ratio of 42.5% at 0.22 shear strain. The
Bi—Tel and Bi—Te2 bonds exhibit negligible stretching,
suggesting that the Tel—Bi—Te2—Bi—Tel substructure
remains intact during the shear process. The atomic
structures show clearly that the Tel—Tel bond resists
external deformation while the Tel—Bi—Te2—Bi—Tel
substructure holds together. These deformation modes for
the (001)/(502) and (001)/{210) slip systems are similar as
shown in Figs. S3 and S4 in the Supplemental Material [39].

We find that nanotwins in Bi,Te; dramatically change
the material’s strength and its deformation mechanisms. To
illustrate these effects, we used DFT to probe the shear
deformation of the nanotwinned Bi,Te; along the TBs, as
shown in Fig. 3. In the elastic stage with shear strain less
than 4%, the slope of the stress-strain response for nano-
twinned Bi,Te; is 59% higher than that of single crystalline
Bi,Tes, illustrating the strengthening effect of the nano-
twins. Indeed, we find that nanotwinned Bi, Te; displays an
ideal shear stress of 0.60 GPa, which is more than 3 times
higher than that of single crystalline Bi,Te; (0.19 GPa).
This suggests that nanotwins can superstrengthen Bi,Tes.

In addition, the sudden drop of shear stress in twinned
Bi,Te; [Fig. 3(a)] indicates the brittle failure, totally
different from the plastic deformation in single crystalline
Bi,Te;. These can be attributed to intriguing bond rear-
rangements near the TBs. The newly formed
Tel(1)—Tel(2) and Tel(2)—Tel(3) bonds (3.48 A),
which are considered weak covalent bonds, strengthen
the interactions between different substructures. When
nanotwinned Bi,Te; is sheared [Fig. 3(c)], the lower half
part shears along the same shear direction as single
crystalline Bi,Te;, leading to the stretching of the
Tel(2)—Tel(3) and Tel(6)—Tel(7) bonds [Fig. 3(b)].
However, the upper half part shears along the opposite
shear direction, leading to a compression of the
Tel(1)—Tel(2) and Tel(4)—Tel(5) bonds [Fig. 3(b)].
The newly formed Tel(2)—Tel(3) bond has a much
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FIG. 3.
along the {702} plane. (a) The shear-stress—shear-strain relation-
ships of nanotwinned Bi,Te; compared with single crystalline

Deformation modes of nanotwinned Bi,Te; with TBs

Bi;Te;. (b) The bond stretching ratio [Tel(1)—Tel(2),
Tel(2)—Tel(3), Tel(4)—Tel(5), Tel(6)—Tel(7)] with the in-
creasing shear strain. (c) The atomic structure at 0.123 shear
strain corresponding to the maximum shear stress. (d) The atomic
structure at 0.134 shear strain corresponding to the breakage of
Tel(2)—Tel(3) bond. (e) The atomic structure at 0.145 shear
strain corresponding to the structural failure. The gray dashed line
in Fig. 3(b) represents the critical strain before failure. The red
ellipses displayed in Figs. 3(e) highlight the breakage of
Tel(2)—Tel(3) and Tel(1)—Tel(2) bonds. The black curve
in Fig. 3(e) guides the collapsed TBs.
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Tel(6)—Tel(7) bond, indicating the Tel(2)—Tel(3) bond
is much stronger than the Tel(6)—Tel(7) bond in resisting
external deformation, resulting in the strengthening effect
of nanotwins at the elastic stage as shown in Fig. 3(a).
Moreover, the strong Tel(1)—Tel(2) and Tel(2)—Tel(3)
bonds suppress the softening of the van der Waals
Tel—Tel bonds near the TBs, giving rise to the super-
strengthened nanotwin (0.60 GPa) compared to the single
crystal (0.19 GPa). The shear strain (0.123) corresponding
to the mechanical strength in nanotwinned Bi, Te; is much
larger than that (0.071) in single crystalline Bi,Te;. This
strain-stiffening effect would lead to the potential better
manufacturability of this nanotwin. This effect is similarly
found in inorganic crystalline solids [41], where the
enhanced material’s strength mainly arises from newly
formed atomic bonds under large structural deformations.
At 0.134 shear strain, the Tel(2)—Tel(3) bond stretching
ratio sharply increases from 8% to 17%. This indicates a
highly softening or nonbonding interaction [Fig. 3(d)],
leading to a sudden drop of the shear stress [Fig. 3(a)]. As
shear strain increases to 0.145, the Tel(1)—Tel(2) bond
breaks, destabilizing the TBs and resulting in structural
failure [Fig. 3(e)]. This clearly suggests that this robust
nanotwin leads to less plasticity compared with single
crystalline Bi,Tes.

In the other two nanotwinned Bi, Te; structures (Figs. S5—
S6 in the Supplemental Material) [39], the nanotwins have
no obvious influence on the mechanical properties because
the TBs do not change the interaction between the
Tel—Bi—Te2—Bi—Tel substructures which are coupled
through their van der Waals Tel—Tel interactions.

Here, we compared the ideal shear strength of Bi, Te; with
various high-performance TE materials [34,42—45]. As
shown in Fig. 4, Bi,Te; has the lowest ideal shear strength
(0.19 GPa) among all these TE materials, which can be
attributed to the layered structure with very weak van der
Waals Tel—Tel interactions. The calculated stretching
force constant (SFC) [46] of a Tel—Tel bond using
the ATAT code [47] is only 0.25 eV//OXz, which is much
lower than those of the Bi—Te2 bond (0.62 eV/ A?) and
Bi—Tel bond (2.24 eV/A?). This well explains that the
Tel—Tel bond is highly stretched to resist the deformation
while the Tel—Bi—Te2—Bi—Tel five-layer substructure
holds together (Fig. 2), which is similarly found in layered
SnSe [42]. Thus, Bi, Te; and SnSe exhibit low ideal strengths
of 0.19 and 0.59 GPa, respectively, because the van der
Waals-like bonding interactions dominate the shear defor-
mations. In LayTe4, Mgz Sb,, CaMg,Sb,, and CaZn,Sb,, the
ionic bonds are responsible for the ideal strength and
deformation modes [43,44], leading to a higher ideal strength
compared with that in Bi, Tes, as shown in Fig. 4. Moreover,
due to the strong covalent Co—Sb 3D framework in CoSbs
and even much stronger TiSn 3D framework in TiNiSn,
CoSb; and TiNiSn show an extremely high ideal strength of
7.17 and 10.52 GPa, respectively [34,45].
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FIG. 4. The ideal shear strength for various high-performance
bulk TE materials: (single crystalline) Bi, Te;, SnSe [42], La;Tey
[43], Mg;Sb, [44], CaMg,Sb, [44], CaZn,Sb, [44], CoSb; [34],
and TiNiSn [45]. The embedded figure shows the ideal strength
of bulk and nanotwinned Bi,Tes.

The weak van der Waals interaction between
Tel—Bi—Te2—Bi—Tel substructures leads to a signifi-
cantly low ideal strength in bulk Bi,Te;. However, in
nanotwinned Bi, Te;, a newly formed covalent bond in the
vicinity of TBs can remarkably enhance the coupling
interaction between different substructures, which strongly
improves the structural stiffness. This suppresses the
structural softening and strengthens the material as
embedded in Fig. 4. This structure-stiffening mechanism
can well explain recent experimental results reporting that
Bi,Te; with TBs shows an eightfold and a sixfold increase
in the compressive and flexural strength, respectively,
compared with those of single crystalline Bi,Te; [29].
This strengthening effect in the Bi,Te; TE semiconductor,
which arises from the bonding in the TB, is similar with De
Jong et al’s finding that the local structure and bonding in
the TB vicinity are useful in controlling the mechanical
behavior of transition metals [48]. Our results show that the
rapidly stretched van der Waals bond leads to the softening
and the failure of Bi, Te;. Thus, it is unlikely that this robust
nanotwin can be formed through deformation. We expect
that they can be introduced during the growth or melt
processes, such as melt spinning combined with a plasma-
activated sintering [29].

The mechanical properties of real samples of Bi,Te; are
closely related to defects such as GBs and vacancies that
are ubiquitous in real materials. Studying GB effects
requires cell sizes much larger than practical for DFT.
Thus, future studies fitting the DFT results in this Letter to a
reactive force field for molecular dynamics simulations will
be useful for testing how such defects affect the strength.

Here we examined how nanotwins influence the
mechanical properties of Bi,Te; TE material. Previous
experimental studies showed that nanotwins could be used
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to tailor the electronic structure and to suppress the lattice
thermal conductivity of Bi,Te; [29,40]. This is worthy of
future studies.

In summary, we applied DFT to determine the role of
nanotwins on mechanical properties of Bi,Te; revealing
that the newly generated Tel—Tel covalent bonds in the
vicinity of the twin boundary significantly improves the
coupling interaction between Tel—Bi—Te2—Bi—Tel five-
layer substructures. Formation of nanotwins remarkably
enhances the structural stiffness while suppressing the
structure softening, leading to a much higher ideal strength
of 0.6 GPa in nanotwinned Bi, Te; compared to that of the
single crystalline Bi,Te; (0.19 GPa). Our work proposes a
new TB engineering strategy to enhance the mechanical
integrity of Bi,Te;, where the stronger structural stiffness
can be achieved by a structural modification rather than a
traditional elemental doping. This work opens a new
pathway to rationally design robust high-performance TE
materials, which can be also applied to other TE or non-TE
energy materials.

Another exciting application of Bi,Tes is as a topologi-
cal insulator (TI) [49]. Goddard et al. have shown theo-
retically that Bi,Te; is a TI, with spectacular states in the
gap for Bi, Tes [50]. It may be that the incorporation of the
TBs could modulate the TI properties while strengthening
the materials.
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