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ARTICLE INFO ABSTRACT

Communicated by J. Fontcuberta InSb is a promising thermoelectric material and a decrease in its thermal conductivity (k) can further improve its
thermoelectric performance. Using first-principles computations, we report a 29% decrease in k of InSb through
strain. k value decreases from 18.8 W/mK for unstrained InSb to 13.4 W/mK for 5% biaxially compressed InSb at
300 K. This decrease in k is found to be due to a large increase in anharmonic scattering of longitudinal acoustic
(LA) phonons in strained InSb by almost 330% in Brillouin-zone center, driven by shift of transverse acoustic
(TA) phonons to lower frequencies in strained InSb. This shift leads to a simultaneous increase in number of
decay scattering channels and a two-fold increase in the magnitude of three-phonon coupling elements, leading
to the observed large increase in scattering rates of LA phonons. Scattering of transverse acoustic (TA) phonons is
also found to increase by ~61% at Brillouin-zone edge, facilitated by an increase in number of absorption
scattering channels. First-principles computations based on deriving interatomic force interactions from density-
functional theory are used to provide detailed understanding of increase in phonon scattering rates in strained
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1. Introduction

Indium Antimonide (InSb) is a promising candidate material for
thermoelectric applications [1-3] because of its high mobility of elec-
trons of about 10*-10° em?v—1s~! and bandgap of about 0.18 eV [4].
The performance of a thermoelectric material can be expressed by the
dimensionless figure of merit, ZT = 6S2T/k, where o, S, T and k are the
electrical conductivity, Seebeck coefficient, absolute temperature and
thermal conductivity respectively. Thermoelectric performance of InSb
can be increased by increasing the power factor (GSZ) [5,6] and reducing
lattice thermal conductivity [7,8]. Various strategies such as disorder [9,
10], nano structuring [11,12], strain [13] and defects [14,15] can be
used to reduce the lattice thermal conductivity. In this letter, we report
29% and 17% reduction in in-plane (plane in which compressive biaxial
strain is applied) and out-of-plane thermal conductivity of cubic InSb
through 5% biaxial compressive strain. This decrease in k is found to be
due to a large increase in three-phonon scattering rates of LA phonons
driven by a shift of TA frequencies to lower values. Simultaneously TA
phonon scattering rates also increase mediated by an increase in ab-
sorption scattering channels in strained InSb. First-principles computa-
tions are used to present understanding of the role of strain in modifying
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scattering rates in strained InSb. These results have important implica-
tions for high efficiency thermoelectric materials.

2. Thermal conductivity computation

Thermal conductivity in this work is predicted for cubic Indium
Antimonide using first principles approach [10,16-18] by exactly [16]
solving the phonon Boltzmann transport equation (PBTE). The most
important ingredients, namely the 2nd and 3rd order interatomic force
constants (IFCs), needed for k prediction, are derived from
density-functional perturbation theory (DFPT) [19,20]. DFT has been
shown to yield highly accurate IFCs, overcoming limitations of empirical
potentials, leading to unprecedented accuracy [18] in the prediction of
lattice k for defect free materials. For analysis, it is useful to look at the
expression for thermal conductivity (k) prediction, based on solving
PBTE [10] in the single mode relaxation time (SMRT) approximation,
given by Ref. [21],
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volume, Boltzmann constant, and absolute temperature respectively. A
represents the vibrational mode (gj) (q is the wave vector and j repre-
sents phonon polarization). N is the size of the ¢ mesh used for sum-
mation in above equation. w,, n;, and v,; (= dw,/dq) are the phonon
frequency, equilibrium Bose-Einstein population and group velocity
along cartesian direction a, respectively of a phonon mode A. These are
derived from the knowledge of phonon dispersion computed using 2nd
order IFCs. 7, is the phonon lifetime (equal to the inverse of scattering
rate). In the SMRT approximation, phonon lifetime (z;) of a vibrational
mode 1 is computed using the following equation.
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where V3(—4,4,4") are the three-phonon coupling matrix elements
computed using both 2nd and 3rd order IFCs. The first delta function in
the above equation represents absorption scattering process, where a
phonon mode (qw) scatters by absorbing another phonon mode(q'®’),
yielding a higher energy (¢”«") phonon mode, and second delta function
represents a decay process, where a phonon mode decays into two lower
energy phonons. These processes satisfy energy and momentum con-
servation given by w+w'=w" (energy), ¢ + q¢' = q" (momentum) for
absorption process and w=w'+®" (energy), ¢ = ¢’ + ¢ (momentum) for
decay process.

DFT calculations were carried out using QUANTUM-ESPRESSO [22].
Norm-conserving pseudopotentials in the local-density approximation
(LDA) were used with a plane-wave cut-off of 100 Ry. Monkhorst [23]
k-point mesh of 12 x 12 x 12 was used to describe the electronic
properties. 9 x 9 x 9 g-grid was used to compute dynamical matrices and
the 2nd order IFCs. 3rd order IFCs were computed using D3Q [17]
package, on a 3 x 3 x 3 q points. Acoustic sum rules were imposed on
both 2nd and 3rd order force constants. Phonon linewidth and k cal-
culations were carried out on 40 x 40 x 40 g-mesh and smearing of 0.05
em ™. For the exact solution of PBTE, typically 10 iterations were found
to be sufficient to achieve convergence [16].

3. Results

Lattice parameter of unstrained InSb was determined through energy
minimization to be ag = 6.389 A. For the strained cases, the lattice was
compressed by 5% in the x-y plane (along both x and y directions) and
relaxed in the z-direction. The lattice dimensions of the biaxially
strained InSb are computed to be a = b = 0.95qy, and ¢ = 1.108a.
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Computed phonon dispersion for unstrained (which is in good agree-
ment with the experimental measurements [24]) and strained case is
shown in Fig. 1. Strain is found to shift TA phonon frequencies to lower
values (seen also a shift in phonon density of states) while leading to an
increase in LA phonon frequencies.

At 300 K, thermal conductivity of unstrained InSb is computed to be
18.83 Wm k! (Fig. 2), in good agreement with measurements [24].
Upon biaxial compression, k is reduced to 13.38 Wm™'K! and 15.62
Wm!K™! along in-plane and out-of-plane directions, representing a
reduction of 29% and 17%, respectively. To understand this reduction
and anisotropy in k in strained InSb, we analyze the effect of strain on
phonon group velocities and scattering rates in Fig. 3.

Fig. 3a shows large increase in scattering rates of acoustic phonons in
strained InSb, particularly for the LA phonons. At a frequency of ~70
cm ™}, the scattering rate of LA phonon for example, increases by nearly
a factor of 5 from ~0.5 cm™! to ~2.5 cm ™}, at 300 K. Scattering rates of
TA phonons also increase in strained InSb, however, the increase is
smaller than for LA phonons. Mean phonon velocities, along the in-plane
direction (plane in which bi-axial strain is applied), however, are found
to remain almost the same for unstrained and strained InSb (Fig. 3b).
Decrease in in-plane k in strained InSb is, therefore, primarily due to an
increase in scattering rates. Along the, out-of-plane direction, an
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Fig. 2. Computed in-plane and out-of-plane thermal conductivity of unstrained
and 5% biaxially compressed InSb.
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Fig. 1. Indium Antimonide with a)0% and b) 5% strain c¢) Phonon dispersion and density of state for unstrained and biaxial compressive strained InSb. Note: For the

purpose of comparison, we plotted along the same direction.
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Fig. 3. Comparison between unstrained and strained InSb of a) Phonon line-
widths at 300 K b) mean velocity in in-plane x-direction and c¢) mean velocity in
out-of-plane z-direction. Note: We have plotted TA and LA phonons along
different directions in supplementary information.

increase in phonon velocities of LA phonons in strained InSb (Fig. 3c),
partially cancels the effect of increase in scattering rates, leading to
lower decrease in k along this direction.

4. Increase in LA phonon scattering
To understand increase in phonon scattering in strained InSb, we

analyze the scattering rates of LA and TA phonons along I'-X in Fig. 4. A
large increase of 330% in scattering rate of LA phonon is observed in
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strained InSb at wavevectors close to the middle of the Brillouin zone (at
gx = 0.45) in Fig. 4a. Fig. 4c shows that a dominant contribution to
scattering of LA phonons is from the a—a + a channel which represents
decay of an acoustic phonon into two lower frequency acoustic phonons.
The scattering rate for the a—a + a channel is found to peak with respect
to wavevector for unstrained InSb at g, = 0.60 (Fig. 4e); in strained InSb,
the scattering rate for this channel increases at lower wave-vectors, seen
also as a shift in peak scattering rate to lower wavevector of g, = 0.45.
The peak scattering rate for a—a + a channel for LA phonons increases
significantly in magnitude in strained InSb, by almost a factor of 2
relative to peak in unstrained InSb (Fig. 4e).

Fig. 1 shows that strain shifts TA phonons to lower frequencies.
Above increase in scattering rate of mid-Brillouin zone LA phonons is
found to be due to this decrease in TA frequencies, through two
important effects — a) an increase in number of decay scattering channels
and b) an increase in magnitude of three-phonon coupling elements, as
described next. We first describe increase in number of decay channels
for LA phonons at mid-Brillouin zone wave-vectors. To understand this
increase, it is realized that scattering rate of a;4—a + a channel is almost
entirely due to decay of LA phonons in to two TA phonons, i.e the aj4—
ara + ara channel, as seen in Fig. 4e. Decrease in TA phonon frequencies
in strained InSb (Fig. 1), increases the probability of scattering of lower
frequency LA phonons in to these larger number of TA phonons now
available at lower frequencies, leading to an increase in number of a4 —
ara + ara scattering (decay) channels, for low frequency (mid Brillouin
zone) LA phonons in strained InSb.

To show this increase clearly, we define scattering phase space ® for

the apa—ara + ara, as ® = 1/(4N)> 6(wra(q) — (UTA(q,) —owra(q" =q —
7

q')), N is the size of the ¢ mesh used for summation (summation is

performed only over the TA modes). The phase space as defined above,
is indicative of the number of decay scattering channels contributing to
the magnitude of ajs—ars + ara channel (the definition essentially as-
sumes all of the three-phonon coupling elements to be unity, and ignores
absorption processes in Equation (2)). Fig. 5a shows an increase in
scattering phase space for LA phonons at smaller wavevectors (lower
frequencies) in strained InSb (Fig. 5a). While peak phase space for un-
strained InSb occurs at g, ~0.60, this peak shifts to lower wavevector of
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Fig. 4. Comparison of unstrained and strained InSb in terms of total scattering rate at 300 K along I'-X of a) LA and b) TA phonon modes. Contribution of dominant
scattering channels at 300 K in unstrained InSb for ¢) LA and d) TA phonons. Comparison between unstrained and strained InSb of e) aLA—a+a channel, f) aTA+a—a
channel and g) aTA + o—o channel at 300 K. Note: Since, magnitude of LA scattering varies from 0.001 to 3, we used the logarithmic scale for clear visualization

in Fig. 4c.
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gx ~0.45 in strained InSb. At wavevector g, = 0.45, phase space for
scattering of LA phonon in strained InSb is almost 55% higher, relative
to the case of unstrained InSb (Fig. 5a).

To see that this increase in phase space for lower frequency LA
phonons is directly due to shift of TA frequencies to lower values, we
show distribution of TA phonon frequencies contributing to the scat-
tering phase space for aja—ara + ara channel in Fig. 5b. This distribu-
tion is shown as a function of the larger of the two TA phonon
frequencies involved in decay of LA phonon through wpa=wrtas' +®14",
denoting it by ®” on x-axis in Fig. 5b. This split of overall phase space for
the channel a4 —ara + aza into contributing frequencies is shown at the
two wavevectors discussed above, namely, g, = 0.60 for unstrained and
gx = 0.45 for strained cases (wavevectors at which aj4— a+ a channel is
seen to peak in Fig. 4e) and Fig. 5b shows that the peak contribution to
scattering of LA phonon at g, = 0.60 (@ = 103 cm ™) in unstrained InSb
is from TA phonons with frequency ®”~60 cm™! (with corresponding
»'=43 cm™1); these frequencies correspond to the two peaks in phonon
density of states (Fig. 1). In strained InSb, however, Fig. 5b shows that
strong contribution to scattering of LA phonon at g, = 0.45 (w = 82.2
em™Y) is from TA phonons of much lower frequencies, with peak
contribution occurring from »” ~48 em~! (withw'=34.2cm ™) (Fig. 5b)
in strained InSb. This provides evidence of the dominant role of lower
frequency TA phonons in increasing scattering rates of mid-Brillouin
zone LA phonons in strained InSb.

However, while the peak phase space shifts to lower wavevector in
strained InSb relative to unstrained InSb, the peak value of this phase
space remains almost the same in magnitude (~0.11) for strained and
unstrained cases (Fig. 5a), and cannot alone explain the ~2-fold higher
peak scattering rate in strained InSb (seen in Fig. 4b), relative to peak
rate for unstrained InSb. This increase can be explained by an increase in
magnitude of three-phonon coupling elements in strained InSb. Notice

that the three-phonon coupling elements |V3(—24,4,1")|? in equation (2)
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are inversely proportional to the product of the three frequencies

involved in scattering [211, |Va(— 4,4, 2")]P*c——L——. A shift in
oo (A" (1)

scattering to lower frequencies in strained InSb increases the magnitude
of these coupling elements. The approximate ratio of |Vs(—4,4,1")*

corresponding to peak frequency contributions to scattering of wave-
vector g, = 0.60 in unstrained and g, = 0.45 strained InSb (described
[Vs(~2.4 v/l")\szuum. gx=045  __

T2 =
[Va (=24 .2") unsirain, qx=0.60

= 1.97. Distribution of all |V3(—4,4,4")|* involved in

above and shown in Fig. 5b) can be computed as
(103)(43)(60)

(82.2)(34.2)(48)

scattering of LA phonons at the two wavevectors is also shown in Fig. 5c.

Overall, the average value of |V3(—4, 4, 1")|* involved in scattering of LA

phonon at g, = 0.45 in strained InSb is found to be almost two-fold
higher relative to the case of g, = 0.60 in unstrained InSb. These
higher magnitudes of three-phonon coupling elements (Fig. 5¢) com-
bined with increase in scattering phase space (Fig. 5a) lead to the
observed large increase in scattering rates of LA phonons in the middle
of the Brillouin zone in strained InSb.

5. Increase in TA phonon scattering

For TA modes, strain is found to increase the magnitude of a + a—a
and a + o—o scattering channels (Fig. 4f and g, respectively) leading to
an increase in TA phonon scattering rate by a maximum of ~60% close
to zone edge (point X) (Fig. 4b). Increase in a + a—a scattering for TA
phonons can be understood by an increase in frequencies of LA phonons
in strained InSb. Fig. 1 shows that, while, maximum LA phonon fre-
quency in unstrained InSb is 150.4 cm ™!, the peak frequency in strained
InSb is 162.8 cm ™. This increase in LA frequencies introduces new a +
a—a channels for TA phonons. This is seen through an example, by
considering that in strained InSb, a TA phonon of frequency ©=20 cm
can scatter by absorbing an LA phonon of frequency w'=140 cm},
yielding an LA phonon of frequency »”=160 cm™), thus satisfying en-
ergy conservation w+w'=w" (provided the momentum conservation is
satisfied) (Fig. 1). In unstrained case, however, LA phonon frequencies
are lower, and an LA phonon of frequency »”=160 cm ! does not exist,
forbidding this channel. The presence of additional scattering channels
in strained InSb leads to increase in a + a—a scattering for TA phonons.
The effect is found to lead to larger increase in scattering at higher
wavevectors (Fig. 4b and f); this can be understood by realizing that a TA
phonon of frequency @ can only scatter into a final LA phonon of fre-
quency " higher than o, restricting the frequency range (@wj, e, — ®)
for scattering as w increases. Increase in LA frequencies in strained InSb
by increasing this frequency range, thus resulting in a more dramatic
increase in scattering of higher frequency TA phonons.

Increase in a + 0—o channel for TA phonons can similarly be un-
derstood in terms of increase in optical frequency range in strained InSb.
While in unstrained InSb, optical phonons range from 140.8 to 200.5
cm™, in strained InSb, the corresponding range is from 144.1 to 217.7
cm L. This increase in optical phonon frequency range introduces new
channels for scattering of higher frequency TA phonons. This can be
again be seen through an example, by considering that in strained InSb,
a TA phonon of frequency 30 cm™! can absorb an optical phonon of
frequency 180 cm™! to yield an optical phonon of frequency 210 cm ™.
However, in unstrained such a scattering channel is forbidden because of
the lower optical phonon frequencies.

Above presented increase in scattering rates of TA and LA phonons
diminishes their k contributions in strained InSb. While in unstrained
InSb, TA and LA phonons contribute 10.52 and 8.30 W/mK to total k at
300K, in strained InSb, their contribution decreases to 7.91 and 5.47 W/
mK, respectively, along the in-plane direction, leading to the observed
29% decrease in k. Strain induced increase in phonon scattering may
provide avenues to enhance thermoelectric efficiency through above
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demonstrated decrease in k. Biaxial strain investigated in this work, can
be achieved by growth of a material on a lattice mismatched substrate
[25], providing avenues for realization of outlined decrease in k in
applications.

6. Conclusion

In summary, using first principles approach we have provided a
microscopic description of decrease in thermal conductivity (k) in
strained Indium Antimonide (InSb). While k of unstrained InSb is
computed to be 18.82 W/mK at 300 K, upon 5% biaxial compression, k
decreases to 13.38 W/mK and 15.62 W/mK along in-plane (plane in
which biaxial strain is applied) and out-of-plane directions. This
reduction in k is due to increase in phonon scattering rates of both
longitudinal (LA) and transverse (TA) acoustic phonons. Increase in
scattering of LA phonons is found to be due to a shift in TA phonon
frequencies to lower values in strained InSb, which both increases the
phase space for scattering and the magnitude of three-phonon coupling
elements involved in scattering of mid-Brillouin zone LA phonons,
leading to a large 330% increase in scattering rate of zone-center LA
phonons. Increase in TA scattering rates is found to be due to increase in
LA and optical phonon frequencies in strained InSb, which increase the
number of absorption scattering channels for TA phonons. These results
have important implications for design of high efficiency InSb based
thermoelectrics.
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