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Carrier scattering considerations and thermoelectric power factor of half-Heuslers

Rajeev Dutt!, Bhawna Sahnil, Yao Zhao!, Yuji Go!, Saff E. Awal Akhtar!, Ankit
Kumar!, Sumit Kukreti!, Patrizio Graziosi?, Zhen Li!*®> and Neophytos Neophytou'
L School of Engineering, University of Warwick, Coventry, CV4 7AL, UK
2 Institute of Nanostructured Materials, CNR, Bologna, Italy and
3 School of Materials Science and Engineering, Beihang University, Beijing 100191, China

The electronic and thermoelectric (TE) transport properties of 13 n-type and p-type half-Heusler
alloys are computationally examined using Boltzmann transport. The electronic scattering times
resulting from all relevant phonon interactions and ionized impurity scattering (IIS) are fully
accounted for using ab initio extracted parameters. We find that at room temperature the average
peak TE power factors (PF) of all materials we examine reside between 5 and 10 mW/mK?. We
also find that IIS in combination with the long range polar optical phonon (POP) scattering are
more influential in determining the electronic transport and PF over all other non-polar phonon
interactions (acoustic and optical phonon transport). In fact, the combination of POP and IIS
determines the thermoelectric power factor of the half-Heuslers examined on average by about 65%.
The results highlight the crucial impact of Coulombic scattering process (POP and IIS) on the TE
properties of half-Heusler alloys and provide profound insight for understanding transport, which
can be applied widely in other complex bandstructure materials. In terms of computation expense,
the computationally cheaper POP and IIS provide an acceptable first-order estimate of the power
factor of these materials, while the non-polar contributions, which require more expensive ab initio

calculations, could be of secondary importance.

I. INTRODUCTION

Thermoelectric materials, capable of converting heat
directly into electricity and vice versa, have emerged as
promising candidates for sustainable energy solutions, in-
cluding power generation, refrigeration, and waste heat
recovery systems!™. The performance of thermoelec-
tric materials is quantified by the dimensionless figure
of merit ZT, defined as ZT = 0S?T/k, where o is the
electrical conductivity, S is the Seebeck coefficient, T is
the absolute temperature, and « is the total thermal con-
ductivity (k = k. + ), i.e., the combined electronic and
lattice contributions). The product of 052 is called the
power factor (PF) and it is a measure of the power gen-
eration of the conversion process. Achieving a high ZT
requires a material to exhibit a high electrical conduc-
tivity and Seebeck coefficient while maintaining a low
thermal conductivity. This is a challenging endeavour
due to the well-documented adverse interdependence of
these parameters®.

In the last few decades, thermoelectric (TE) research
has focused on reducing the thermal conductivity of
materials, using methods such as nanostructuring®?,
exploitation of anharmonic bonding within crystal
structures!® 14, boundary scattering!®, etc. These meth-
ods have proved successful in improving ZT from ZT =1
for only a handful of materials, to ZT > 2 for many mate-
rials over many different temperatures'®17. The thermal
conductivities of many prominent thermoelectric mate-
rials have now reached very low values, approaching the
amorphous limit and even below in many cases. This,
however, makes it difficult to achieve further ZT improve-
ments by reducing the thermal conductivity. In recent
years, efforts have been equally directed towards improv-

ing the thermoelectric power factor, which turns out to
be a rather complex task due to the well-known adverse
interrelation between ¢ and S with carrier density.

The majority of strategies to improve the power fac-
tor revolve around band engineering, such as band
convergence%18:19  alloying?®, introduction of specific
orbital interactions to introduce band-gap in metallic
systems and increase the valley-degeneracy of the con-
duction band?!:??, increasing the entropy of the crystal
structure to increase the electronic band convergence??,
introduction of topological bands to increase 0242°, en-
hanced inter-band scattering that increases 526728, etc.
Among these, band convergence is one of the most widely
adopted strategies, as it increases the number of trans-
port channels'®19:22:29:30 ~ This improves the electrical
conductivity and carrier density at the band edges, which
can also enhance the Seebeck coefficient, ultimately lead-
ing to a higher PFs31734,

For optimizing the PF of complex bandstructure ma-
terials, an understanding of electronic transport, and
more specifically of the electronic scattering processes,
is required. Electrons in general scatter with acoustic
phonons, optical phonons, polar optical phonons, ionized
impurities, etc. For this, accurate computational meth-
ods are pivotal in understanding, designing, and opti-
mizing thermoelectric materials. A hierarchy of meth-
ods with increasing accuracy (and computational cost)
are available for the electronic scattering times calcula-
tion. The most widely used method considers the con-
stant relaxation approximation (CRTA) as implemented
in BoltzTrap3®36, which, however, introduces an arbi-
trary quantitative error in the electrical conductivity and
PF37. On the other side of the spectrum, first-principles
calculations, particularly those based on density func-
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tional perturbation theory (DFPT) together with Wan-
nierization to describe the electron-phonon interactions,
provide high accuracy and predictability®. However,
these come at the expense of enormous and difficult-to-
scale computational costs, as they involve the calculation
of millions of matrix elements®. Intermediate meth-
ods have also recently been developed that require far
fewer matrix elements compared to full ab initio meth-
ods, which they later post-process to extract effective
scattering rates3>40. Other methods use deformation po-
tential theory with the use of matrix elements*!, or with-
out the use of matrix elements??. While accuracy in the
quantification of electron-phonon interactions is consid-
ered essential for understanding electronic and thermo-
electric transport properties, any method that extracts
matrix elements is computationally expensive and hard
to scale, thus less practical in material optimization stud-
ies. Quantifying the strength of the different mechanisms
and their influence on TE performance can help priori-
tize computational tasks for fast evaluation of materials
at the level of being able to drive machine learning stud-
ies as well#345,

Among the emerging materials for thermoelectric ap-
plications, half-Heusler alloys (HH) are promising candi-
dates, due to their stability, abundance, and high intrin-
sic power factors (PF), which compete or even surpass
some of the best traditional TE materials®46 49 The
reason for their high performance lies in their complex,
multi-band, multi-valley electronic structures, which con-
tain multiple carrier pockets, leading to large conductiv-
ity and Seebeck coeflicients. Half-Heusler alloys have a
general formula of XYZ, where X and Y are typically
transition or rare earth metals, and Z is a main group el-
ement. They crystallize in a cubic MgAgAs (Cyp) struc-
ture, characterized by a face-centered cubic lattice com-
posed of four interpenetrating sub-lattices. The versa-
tility of HH alloys allows for tunable electronic***? and
thermal properties*®°152 through elemental substitution
and doping. This provides excellent opportunities for
further optimization of their pristine thermoelectric per-
formance through bandstructure engineering for PF im-
provements and alloy scattering for thermal conductivity
reduction. Band alignment to increase ¢ is an important
direction of research in HHs (and full-Heuslers)*¢:53755,
as well as the exploration of topological bands®®, flat
bands®” and carrier filtering from flat bands that in-
creases 52%, broken bands that also increase S°8, etc..

However, in order to understand and further optimize
the PF in these materials, we need knowledge of the full
details of the processes that determine electronic trans-
port, and how the specific bandstructure features deter-
mine those transport properties. For this we typically
employ the Boltzmann transport equation (BTE) using
relevant solvers, but accurate description of the scatter-
ing rates including their full energy/momentum/band-
dependences are required. In a typical pristine TE mate-
rial scenario, i.e., before alloying, the relevant processes
that electrons scatter off, are acoustic phonons (ADP),
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non-polar optical phonon (ODP), polar optical phonon
(POP), and ionized impurity scattering (IIS). While we
know that IIS is a strong mechanism in most TEs37:59-64,
not much is known about the relative strength of all
these scattering mechanisms. POP is also suspected to
be a strong mechanism because of its Coulombic nature,
but its strength has not yet been quantified. For exam-
ple, we know that in materials such as MgsSby, POP
is as strong, if not stronger than IIS, and overshadows
all other non-polar mechanisms®®. Accurately quanti-
fying these contributions is vital for understanding ma-
terial behavior and guiding the development of alloys
with enhanced ZT wvalues. For example, materials in
which IIS and POP dominate, have the advantage of PF
benefits upon band alignment when valleys are far from
each other in the Brillouin zone, since these mechanisms
are strongly anisotropic and favor small momentum ex-
change vectors®%:66-68 In addition, knowledge about the
strength of each mechanism can prioritize the considera-
tions of computational studies; i.e. non-polar scattering
times require ab initio treatment, and if they are signif-
icantly weaker, their extraction could be avoided with
large computational savings at a small expense in accu-
racy.

Here, we quantitatively investigate electronic and ther-
moelectric trasnport in 13 n-type and p-type half-Heusler
materials at room temperature. The work is organized
with focus on: i) Providing transport-related details for
HHs such as deformation potentials, the nature of overlap
integrals and intra-/inter-valley transitions. ii) Estab-
lishing the influence of the Coulombic IIS+POP scatter-
ing mechanisms versus that of the non-polar ADP4+ODP
phonon mechanisms. We show that, put together, IIS
and POP determine more strongly the PF performance
on average by about 65 %, with a stronger influence on
electrons compared to holes. iii) Providing the PFs of
these materials as accurate and as computationally effi-
cient as possible. In section II, we discuss the computa-
tional methodology we follow. In section III we discuss
the results with focus on the strength of POP compared
to that of non-polar phonon processes and their effect on
the PF. Section IV compares the electron-phonon scatter-
ing strength with that of IIS and provides full PF results.
Finally, Section V, summarizes and concludes the work.

II. METHODOLOGY

We consider a group of 13 HHs and perform calcula-
tions for both their n-type and p-type polarities. We
use density functional theory as implemented in the
Quantum FEspresso package to calculate the electronic
structures. We use optimized norm-conserving Vander-
bilt (ONCV) based pseudopotentials. For exchange-
correlation, we use the Perdew-Burke-Ernzerhof (PBE)
functional based generalized gradient approximation
(GGA) over local density functional. This approach
is validated for these half-Heusler compounds by the
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good agreement of our calculated lattice parameters with
literatureS9~72 (see Table I). A cut-off of 120 Ry for wave-
function expansion and an energy convergence criterion
of 1078 for self-consistency are employed. A dense mesh
of 81x81x81 is used for non-self-consistent calculations of
the band structure to increase the accuracy of the trans-
port calculations. We have used our BTE simulator Elec-
Tra for the transport properties?.

Standard expressions for the transition rates of the dif-
ferent scattering mechanisms are considered. For acous-
tic deformation potential (ADP) we use:

™ k‘BT
|SA,]12/P| = ﬁDiDPng/<E) (1)

where p is the mass density of the material and gy (E)
is the final density of states for the scattering event(k —
k).

For optical deformation potential (ODP) transition
rates we use:

D 11
|1SORP| = ﬁ (Nw +5F 2) g (B +hw)  (2)

where w is the frequency of the optical phonon, which
is consider as constant in the entire Brillouin zone. N,
stands for the Bose-Einstein statistical distribution func-
tion for phonons. The symbols ‘4’ and ‘-’ indicate the
emission and absorption processes. Inter-valley scatter-
ing (IVS) needs to be accounted for, as in the case of n-
type carriers for scattering between X-valleys (the CBM
of most HHs is at the X high symmetry point) and some
p-type materials where the VBM is at a high symme-
try point other than T', such as for NbFeSb at the L-
point, NbCoSn at the L- and W-points, etc. The strength
of inter-valley scattering contribution is evaluated us-
ing all the phonon modes as discussed in our previous
works™ 7. Scattering due to IVS is evaluated as:

wD? 1 1
S = T8 (N 5 % 5 ) we(B 2R ()
In this work, we combine both ODP and IVS scattering,
so hereafter, ODP scattering refers to the combined con-
tribution from both ODP and IVS.

We computed the values used for Dapp and Dopp
using matrix elements from density functional perturba-
tion theory, followed by Wannierization as in Refs3873-75
While computing the transitions for all phonon branches
and directions separately, for easiness we combine all val-
ues to a ‘global’ one for Dapp, one for Dopp and one for
Drys for each material, i.e. one single value applied to
all transitions between all bands/valleys. These values
are given in Table I for all materials. An example of how
we perform the matrix element calculations is shown in
the Supporting Information (SI) in Figures. S1-376.

For the calculation of the polar optical phonon (POP)
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Figure 1. (a, b) Square of the wavefunction overlaps be-
tween the states in the three-fold degenerate valence bands
of HfNiSn at the I'-point for intra-band and inter-band tran-
sitions, respectively. (c, d) Square of the wavefunction over-
laps between the two-fold degenerate valence bands of NbFeSb
at the L high symmetry point for intra-band and inter-band
transitions. The insets depict the bands and with same color
dots the transitions.

scattering, we use the Frohlich formalism as””:

2 1 1 1 1
gropy_ _T¢W (- 2 ) (N 4-T-=
Sick k-k' 20 \ koo ko R

(4)

g (E + hw)<-[l%,k/>
where e is the electronic charge and w is the dominant
frequency of polar optical phonons. ¢ is the free space
permittivity, ko and kg are the static and high-frequency
dielectric constants, respectively. IZ,, is the square of
the wavefunction overlaps, which is in principle band,
energy and momentum dependent. We have computed
multiple combinations of those from a large number of
initial states to a large number of final states in the Bril-
louin zone and show these values in Fig. 1 versus their
separation in the BZ for both intra-valley (left column)
and inter-valley (right column) transitions. These values
vary from 0 to 1. The first row shows data for the three
valleys in the VB of HfNiSn, where the averaged values
for the squared overlaps for both intra- and inter-valley
transitions are around 0.33. The second row shows data
for the VB of NbFeSb where two bands are present, and
the averaged values are around 0.5. These values are well
understood and explained in Ref.”®. For simplicity, we
used these averaged values in the scattering rates across
all states for each relevant material (0.33 for three-fold,
0.5 for two-fold, and 1 for single degenerate bands).
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Table I. Scattering parameters used in the calculation of the transport coefficients for each of the materials considered. Equilib-
rium values of Lattce constant (ag), values for acoustic deformation potentials (Dapp ), optical deformation potentials (Dopp),
and inter-valley deformation potentials (Drvs) are shown. fwopp and fiwpop is the highest energy of the transverse optical
(TO) and longitudnal optical (LO) phonon modes at the I' point. ko and ko are the static and high frequency dielectric
constants. Their ratio in the last column provides the splitting of the LO-TO modes and an indication of the strength of the
polar dipole interaction (1 means zero interaction, while 2 signifies a very polar material).

Material | ag | Dapp (eV) |Dopp (eV/A)| Drvs (eV/A) |hwopp |iwpop | Dielectric constants
(A) | n-type |p-type | n-type| p-type | n-type |p-type| (eV) | (eV) | ko | koo | ko/koo
ZrNiSn |6.15| 2.67 | 2.70 | 2.12 1.34 | 0.86 - 0.029 | 0.032 |27.19|21.95| 1.24
HfNiSn [6.15| 1.87 | 3.32 | 2.09 1.40 1.02 - 0.028 | 0.030 [25.94|20.94| 1.24
TiCoSb |5.96| 3.19 | 2.29 | 3.23 | 1.34 | 0.80 - 0.036 | 0.037 |31.84|20.92| 1.52
ZrCoSb |6.09| 2.43 | 2.37 | 2.07 | 1.35 | 1.02 | 1.24 | 0.028 | 0.033 |27.56|18.87| 1.46
HfCoSb [6.07| 2.35 | 2.24 | 3.64 | 2.07 | 1.17 1.1 | 0.028 | 0.033 |25.72|18.12| 1.42
ScNiSb |6.12| 3.29 | 2.42 | 2.56 1.93 1.14 - 0.027 | 0.030 [22.86|18.79| 1.22
YNiSb |6.37| 3.72 | 2.72 | 1.44 | 1.89 | 1.22 - 0.023 | 0.025 |21.72|18.82| 1.15
ScNiBi [6.27] 3.20 | 2.33 | 2.28 1.67 | 0.91 - 0.025 | 0.027 [26.95|22.86| 1.14
YNiBi [6.49| 2.63 | 2.68 | 1.19 1.62 1.17 - 0.021 | 0.023 26.23|23.53| 1.11
ZrCoBi [6.22| 3.34 | 2.98 | 2.37 | 2.03 | 0.86 | 1.22 | 0.025 | 0.031 |29.60({20.71| 1.43
NbFeSb [6.00| 3.72 | 2.50 | 2.03 | 2.80 | 0.77 0.6 | 0.036 | 0.042 |42.84|24.95| 1.72
NbCoSn |5.97| 3.44 | 2.04 | 2.10 1.85 1.26 | 2.07 | 0.030 | 0.037 [36.27|24.76| 1.46
ZrNiPb [6.25| 2.32 | 1.90 | 1.65 1.49 | 0.86 - 0.024 | 0.027 {29.46|23.91| 1.23
Average - 2.94 | 250 | 2.21 1.67 1.0 1.25 | 0.026 | 0.031 (28.79|21.47| 1.33
(not used)

To account for the effect of screening of the polar dipole
interaction by the accumulation of charge carriers, the
|k-k'|?

2
additional term (kk’|2+1> is also included (we mul-
) Iz

tiply the Frohlich expression above by this term). Here,
Lp = aaT”F)*1 is the generalized screening length,
where Fy is Fermi level, and n is the carrier density%8.
This additional term makes the calculation more costly
since the screening length depends on density and Fermi
level, but it is necessary since the PF peaks at large den-
sities and screening will be important®®. After multipli-
cation of the screening term, the final scattering due to
k- X

POP becomes:
11
(k= KP+ )2 e o
D

1 1
<Nw + 5 + 2) g (B £ hw)<[ﬁ7k/>

To account for ionized impurity scattering (IIS) we use

the Brooks-Herring model as™:

ko€oo
02(

SPop| =T

()

= o Z%et Nimp
Rk k%e% (k- K2+

|Sic

le)2gk/<E><zi,k,> ©)

where Z stands for the electric charge of the ionized im-
purity (Z = 1 is used in the present work), and Nimp
is the density of the ionized impurities. To calculate the

total scattering transition rate, we use Matthiessen’s rule
as:

(7)

After calculating the transition rates, the thermoelec-
tric coefficients, namely the electrical conductivity, o,
and Seebeck coefficient, S are calculated as:

[Sicael = ISR+ 1SRF ]+ 1SRy | + 15K |

o = ez/EEij(E)( — %)d}; (8)
Sij = Zk: /EEij(E)( - %)%m (9)

Here, fo is the equilibrium Fermi-Dirac distribution
function, =;;(F) is transport distribution function (TDF')
defined as:

=, (E) = /E T (B2 (B)g(E) (10)
where, v(F) is the bandstructure velocity, g(E) is the
density of states at energy F, and i, j are the Cartesian
coordinate indexes, for which we set i = j = x) and 7y y/
is the scattering relaxation time (inversely proportional
to the transition rates), which is calculated for each scat-
tering mechanism (m’s) as :

_ 1 m’s v(k'a”/)
Tk k' = W;Sk,k’<1 > (11)

V(,n)
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III. PHONON SCATTERING AND THE
POWER FACTOR

We start our analysis by examining the main features
of a typical HH material by considering HfNiSn as an
example. First, we examine the effect of electron-phonon
scattering processes on transport, as in this part of the
paper we focus on investigating the effect of POP com-
pared to all other non-polar mechanisms. We consider
IIS later on in the manuscript. The band structure
for HfNiSn is shown in Fig. 2(a). The conduction
band consists of a single degenerate band with its
valley minimum (CBM) placed at the X high symmetry
point. A three-fold degenerate valence band is observed,
with its valence band maxima (VBM) located at the I’
high symmetry point. These features agree with other
reports in the literature”™8%. Figs 2(b.i) and 2(b.ii)
illustrate, respectively, the Fermi surface of HfNiSn at
energy FF = 60 meV above the CBM, indicating the
six-fold degenerate X-valley, and at 60 meV below the
VBM, indicating the three degenerate bands at the I’
point. After calculating the bandstructure, we use the
Boltzmann transport code ElecTra for the calculation of
the TDF and the thermoelectric properties.

Figs 2(c) and 2(d) show the calculated TDFs versus
energy for both n-, and p-type carriers, respectively. We
compute these separately as unipolar systems, i.e. we
don’t consider bipolar effects, because we perform all
simulations at room temperature T = 300 K, and because
we focus more on examining the isolated bandstructure
and quantifying the scattering processes. Here, we plot
separately and compare the TDF from the combined
non-polar scattering mechanisms, i.e. ADP and ODP
(blue lines), the polar contributions alone (green lines),
and finally the total TDF from all phonon mechanisms
(black line). Among the ADP+ODP, for n-type both
ADP and ODP have similar contributions of relaxation
time, whereas for p-type the major contribution comes
from the ADP scattering process, as shown in the SI,
Fig. S476. The kinks in the TDFs at around 30 meV
indicate the starting point of the phonon emission of
the inelastic ODP and POP scattering process (the kink
in the blue line is overshadowed by the elastic ADP
process). In the n-type case, the contribution to the
TDF from the POP (green lines) is very close to the total
TDF (black line) that considers all phonon scattering
mechanisms, indicating that POP has more influence in
determining electronic transport. The TDF from the
combined contribution of ADP4+ODP is much higher,
indicating significantly higher scattering times compared
to POP. The overall scattering rate is computed using
Matthiessen’s rule, thus the process with the largest rate
(smallest time) dominates. In the case of p-type, on the
other hand, the trend is reversed, with the POP being
the weaker mechanism in determining transport. This is
further corroborated by the comparison of the relaxation
times (7) for both n-type and p-type polarities, as shown
in Figs. 2(e) and 2(f), respectively, which follow the
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same trend. Here, we would like to mention that POP
is inclusive of screening, unless otherwise mentioned,
which, as we will show, it has important implications
(even though it increases computational cost).

The HfNiSn calculated TE coefficients versus reduced
Fermi level ng, defined as Er - Ec/v for the conduc-
tion/valence bands, are shown in Fig. 3 (left and right
columns, respectively) at T = 300 K (the temperature
considered throughout this work). In each case, we
assume that the energy at the band edge (either valence
or conduction) is set to np = 0 eV, while np > 0 eV
values indicate that the Fermi level is placed into the
bands, as implemented in ElecTra*!. For both n-type
and p-type polarities, it is evident from Figs. 3(a) and
3(d) that the electrical conductivity (o) follows the
TDFs. POP is the strongest of the phonon mechanisms
(green line closer to the overall black line) for n-type,
especially at lower np values, and around np = 0 eV,
where the PF peaks. The non-polar phonon scattering
contributions are stronger for p-type in the entire Fermi
level range (blue line closer to the black line). This
trend is typical for most HHs examined.

In the case of the Seebeck coefficient (S) (Figs. 3(b)
and 3(e)), for n-type the values of polar and non-polar
contributions are essentially identical, while for p-type
the POP-limited result is slightly lower (as is expected
under higher conduction). Overall, the n-type and
p-type Seebeck coefficients are also similar in absolute
terms. This is also a general trend.

The PFs resulting from the combinations of the
electron-phonon scattering mechanisms considered are
shown in Figs. 3(c) and 3(f) for the two polarities. In
the case of considering only the non-polar (ADP+ODP)
scattering mechanisms, the peak PF values are 29.16
mW/mK? and 26.73 mW/m K2 for n-type and p-type
carriers, respectively. In the case of POP-limited
transport, the trend is different, with the PF being
28.49 mW/mK? and 40.85 mW/m K2 for n-type and
p-type carriers, respectively. The overall PF peaks
are further reduced when combining both polar and
non-polar scattering mechanisms to 12.60 mW/mK?
and 15.97 mW/mK? for n-type and p-type, respectively.
The PF values comprising of all phonon scattering
mechanisms are found to be closer to the POP-limited
values in n-type, and to the ADP4+ODP values in p-type,
indicating what has more influence on performance in
each case.

The insets of Figs. 3(c) and 3(f) demonstrate the
importance of screening in POP. They compare the PFs
by considering all phonon scattering mechanisms for
the cases where the POP scattering rate includes (solid
line) and excludes (dashed line) the screening term.
When screening is not included in the scattering rate
calculation, scattering is stronger, leading to a 41 %
and 38 % PF decrease in n-type and p-type materials,
respectively, in the region of maximum PF. However,
for n-type carriers, around np = 0.1 eV and higher,
the PF ordering of the two computation treatments
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p-type for different phonon scattering-limited transport considerations as noted in the legend. (e-f) The scattering times (7)
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Figure 3. Thermoelectric coeflicients for HfNiSn for n-type
(left column) and p-type (right column) carriers. Three
phonon scattering limited transport situations are presented:
ADP+ODP, POP, and All phonon scattering. (a, d) Elec-
trical conductivity. (b, e) Seebeck coefficient. (c, f) Power
factor. Insets of (c) and (f): Comparison between the power
factor computation results with (solid) and without (dashed)
screening in the POP calculation.

changes, with the influence of the unscreened treatment
increasing compared to the screened one. This is mainly
due to the higher value of the Seebeck coefficient under
the unscreened POP treatment, as compared to the S of
the screened POP (stronger scattering in general results
in larger S). Thus, at higher values of ng, the PF is
governed by the higher values of the Seebeck coefficient,
as shown in the SI in Fig. S5.7°

After presenting an example of a HH material and
demonstrating the stronger role of POP for n-type
and the stronger role for the non-polar ADP+ODP for
p-type, we will proceed to conduct a similar investigation
on the list of additional 12 half-Heusler alloys to derive
broader insight. Figure 4 illustrates the PF for both
n-type (first row) and p-type (second row) carriers in
these HHs, which are noted in the legend of Fig. 4(d).
We consider the same three scattering cases as above
for HfNiSn. Essentially, the first column presents simu-
lations where scattering is limited by ADP+ODP, the
second column simulations where scattering is limited
by POP, and the third column simulations where the
scattering includes all non-polar and polar contributions
(ADP+ODP+POP).

The average PF values in each case at np = 0 eV,
near the Fermi level position for maximum PF, are all
indicated in each sub-figure (individual PF values are
shown in Fig. S67%). In the case of n-type, as shown for
the ADP4+ODP scattering limited transport in Fig. 4(a),
the average PF value is 29.16 mW /mK2. In the case of
n-type POP-limited transport, the average PF value as
shown in Fig. 4(b) is 28.49 mW/mK?2. This indicates
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(a, ) non-polar ADP+ODP scattering, (b, d) POP scattering, and (c, f) scattering due to All phonon processes combined

(ADP+ODP-+POP).

that for electrons, overall the POP has similar influence
on the PF as the ADP+ODP (HfNiSn earlier was an
outlier from this general trend). Figure 4(c) for the PF of
the materials under full phonon considerations, show an
average PF value of 12.60 mW /mK2. In the n-type case,
since the POP and ADP+4+ODP have similar influence
on the PF, the overall phonon-limited PF is around half
from the POP-limited one (and ADP+ODP).

For the p-type materials, under ADP+ODP in Fig.
4(d), the average PF value is 26.73 mW/mK2. This
is a similar value to n-type materials under the same
ADP+ODP. Despite slightly lower deformation potential
values for p-type (as shown in Table I), the overall aver-
aged PF value is determined by many complex factors.
In the case of POP-limited transport, the average p-type
PF value as shown in Fig. 4(e) is 40.85 mW/mK?2.
This is a higher value compared to both p- and n-type
ADP+ODP, and n-type POP-limited transport as well,
indicating the weaker overall POP influence on holes
in these 13 HHs, following the earlier discussion for
HfNiSn. The difference between n-type and p-type is
a consequence of the different bandstructure shapes
between the CB and VB (since the other parameters
that control POP, the dielectric constant and phonon
energies, are the same for both carriers). We will be
discussing this further below. Figure 4(f) for the PF of
the p-type materials under full phonon considerations,
shows an average PF value of 15.97 mW/mK?2. This is
very similar (only slightly higher) to the corresponding
n-type value, reflecting the fact that POP is weaker for
holes.

Finally, notice the exceptionally high value for p-type
NbCoSn (purple squared line) under ADP4+ODP due to
its high degeneracy from L- and W-valleys and lower
Dapp value. This larger advantage is lost under POP,
however, due to the smaller distances between the
various W-valleys in the BZ, which reduce the POP
exchange vectors (and the fact that POP is independent
of Dapp). On the contrary, under POP, HfCoSb with
L- and I'-valleys performs higher, as transitions between
these wvalleys involve larger exchange vectors. This
advantage is also lost when All phonons are considered,
but still NbCoSb remains best PF performing p-type
materials (phonon-limited) and HfCoSb also performs
well compared to others.

To better understand the PF trends, and especially
the comparison between the strengths of POP, and
the non-polar ADP and ODP mechanisms, in Figs.
5(a-b), we show the momentum relaxation scattering
times for all the 13 HHs under consideration for these
three mechanisms separately. Figure 5(a) shows the
scattering times for n-type and Fig. 5(b) for p-type
carriers, respectively. ADP relaxation times are shown
by the red lines, ODP by the blue lines, and POP by
the green lines. Note that here we computed the POP
rates for the case where the Fermi level is aligned to the
band edge, i.e., np = 0 eV, where the PF typically peaks
(the POP screening depends on density). Also note that
our purpose here is to reach general conclusions, rather
than perform analyses for individual materials, thus for
simplicity we don’t label each material, but we group
the different mechanisms together with different colors.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02998h

Open Access Article. Published on 12 January 2026. Downloaded on 1/22/2026 2:44:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D5TA02998H 8

T [fs]

‘((((((((((‘((((‘(((((((‘((((((((((((((((l(((((((
s
S

T [fs]

OOn-type
(© @@ p-type

0 001 002 003

Energy [eV]

T [fs]

Np=0eV

—_

o
oo
T

=
[e)}
T

o
o

TDF [eV.m.s] 'x107
=
~

o o1 02 03 o 0.1
Energy [eV]

Energy [eV]

1 4
0.2 0.3 0 0.1 0.2 0.3
Energy [eV]

Figure 5. Scattering relaxation times for different mechanisms and their effect on transport for all the 13 HHs considered. (a,
d) The scattering times under ADP- (red lines), ODP- (blue lines), and POP-limited electron-phonon scattering conditions.
(a) shows results for n-type carriers and (d) for p-type carriers. (b, ¢) The averaged value of the relaxation times for each
category in (a, d). (c) Scattering times for the POP-limited case for n-type (open circles) and p-type (full circles). (f) The
averaged values of the TDFs due to ADP- (red), ODP- (blue), and POP (green)-limited electron-phonon scattering for n-type

(open circles) and p-type (full circles) carriers.

To better illustrate the strength of the different mech-
anisms, in Figs. 5(b) and 5(e) we calculate the average
relaxation times for the three phonon mechanisms for
n-type and p-type carriers, respectively (i.e. we simply
averaged the results of Figs. 5(a) and 5(b)). Despite
the large spread in the individual materials’ data, the
averaged values clearly indicate an overall trend, with
the POP being the strongest mechanism for n-type
compared to ADP and ODP (lower green line), although
not so drastically, such that the case of ADP+POP
has similar influence on the PF. In the p-type case
(FIg. 5(e)), the POP is similar to the ADP and ODP
individually, such that when the latter two combine,
then become stronger.

We will now compare the averaged POP rates for
n-type and p-type in Fig. 5(c), to quantify how much
n-type materials are affected more by POP compared
to p-type materials (empty-symbol line for electrons
vs filled-symbol line for holes). Overall, the relaxation
time for n-type carriers is about 3x lower than that of
p-type carriers, indicating stronger POP influence for
n-type overall, which is also reflected in their average
TDF values in Fig. 5(f) and the PF values in Fig. 4.
(The ratio between the average PF of p-type carriers
to that of n-type carriers when only POP scattering is
considered is 1.43 (40.85/28.49), indicating through that
comparison is more complicated that just comparing
scattering times - we don’t refer to the Seebeck much

here because it is very similar for n-type and p-type
under POP scattering conditions). Also note that on
average, other than for the case of POP, the influence
of the ADP and ODP on the TDF is very similar for
n-type and p-type materials (red and blue lines in Fig.
5(f)).

While we showed that the POP scattering rates for
electrons are more substantial compared to those of holes
by direct calculation, it is useful to provide illustrative
explanations based on bandstructure features. The CB
of HHs typically consist of a single band whose valleys
reside at degenerate high symmetry points (i.e., other
than T'), at least for most of the systems we consider
(as seen in the bandstructures in the Supporting Infor-
mation file, Fig. S775). It is also typical for the valence
bands of HHs to consist of degenerate bands of different
effective mass, but at the same high symmetry point or
high symmetry points. By examining the expression for
the POP scattering rate, the differences that different
bandstructures bring are related to: i) the screening
length Lp, and ii) the exchange vectors q. The smaller
the screening length is, the reduced the POP dipole
interaction’s strength. This is determined by the density
in the material, which in turn is determined by the
DOS. The DOS in general is higher for p-type channels
(see the extracted mpog in the SI in Fig. S87). The
Lp for all n-type and p-type materials we examine are
shown in Fig. S9 of the SI file”. In Fig. 6(a) below,
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NbFeSb.

however, we show the averaged Lp values for n-type
(empty symbols) and p-type materials (filled symbols)
versus the reduced Fermi level. As nmp increases, the
carrier density increases, which reduces Lp. The p-type
Lp, however, is lower than the n-type in the entire range
by more than 1.4x (ratio is shown in the inset of Fig.
6(a), which indicates that POP will be weaker for holes
compared to electrons. Note that this is also applies for
IIS further below.

In addition, the larger the g-vector is, the weaker
the scattering, since POP scattering is an anisotropic
mechanism that favors small-angle scattering, i.e.,
it is inversely proportional to the exchange qg-vector
between the initial and final scattering states. The most
detrimental to transport are the vectors that can cause
backscattering (or the larger the scattering angles), but
those in the case of POP (and IIS) have the weakest
scattering rates. Thus, the size of the energy surfaces can
provide a measure of the strength of POP, with larger
energy surfaces having larger g-vectors, and reduced
backscattering. Figures 6(b, ¢) show the bandstructures
of HfNiSn and NbFeSb as generic examples, together
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with the energy surfaces for the CBs and VBs at 60
meV into the bands. The VB energy surfaces are larger,
indicating that larger g-vectors are associated with the
scattering events, leading to reduced POP scattering.
Note that the three bands at the VB edge are degenerate
at the T-point for HfNiSn (two fold for NbFeSb at the
L-point), but the degeneracy is lifted as the energy
increases (in the negative direction) and that increases
the energy surface size.

IV. 1IIS SCATTERING STRENGTH AND
OVERALL POWER FACTOR

In addition to electron-phonon scattering, ionized im-
purity scattering (IIS) is also an important scattering
mechanism, which is typically very strong due to its
Coulombic nature. We now investigate the role of IIS
to the thermoelectric properties of the half-Heusler al-
loys under consideration, with the goal not only to pro-
vide information about their ultimate PF values, but
to also provide a comparison of IIS to the strength of
POP and the non-polar phonon scattering mechanisms
ADP+ODP.

Figure 7(a) and 7(d) show a comparison between the
relaxation scattering times for POP (green lines) and IIS
(purple lines) for n-type and p-type carriers, respectively,
for all 13 HHs under consideration. Since both mecha-
nisms involve screening, which depends on the charge
density, we are performing this comparison here specif-
ically for np = 0 eV. In the low-energy region, IIS is
stronger compared to POP scattering for the materials
considered, leading to lower relaxation scattering times,
due to the well-known divergence of IIS rates at low en-
ergies. The trend changes with the POP rate becoming
increasingly stronger at higher energies with lower scat-
tering times overall, while IIS times increase with energy.
When comparing the screened POP scattering rate Eq.
5 with the IIS scattering rate Eq. 6, POP has an addi-
tional g-vector squared (k —k’)? term in the numerator.
The exchange vector, in general, increases at higher ener-
gies and leads to higher POP scattering rates compared
to IIS (lower scattering times for POP). Comparing the
n-type to the p-type cases, IIS is a stronger mechanism
for n-type carriers across energies, again due to larger
screening lengths Lp , and narrower energy surfaces and
smaller scattering exchange vectors, q, as in the case of
POP as well. Thus, both POP and IIS are weaker in the
VB compared to the CB.

Figure 7(b) and 7(e) plot the PF due to IIS scatter-
ing limited transport conditions. The averaged values of
the PF due to IIS at np = 0 eV, are 20.12 mW/mK?
and 21.62 mW/mK?2, very similar for both n-type and
p-type carriers, respectively. Despite the IIS scattering
rate being slightly higher for n-type, which lowers the
conductivity compared to p-type, the n-type IIS-limited
Seebeck coefficient is slightly higher, and the averaged
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Figure 7. (a, d) The momentum relaxation scattering times for POP (purple lines) and IIS (green lines) for n-type and p-type
carriers, respectively. All 13 HHs under consideration are shown indiscriminately. (b, e) The PF of n-type and p-type carriers,
respectively, under IIS-limited scattering considerations for the group of all 13 HHs. (c, f) The overall PF of all n-type and
p-type materials under All phonon+IIS scattering considerations.

PFs are similar. This data is shown in the SI in Fig.
S1076. The averaged PF values here are lower compared
to the POP-limited transport PF values in Fig.4, also in-
dicating that for the Fermi level position where the PF
peaks, IIS is a more determining mechanism compared
to POP. For p-type this difference between POP and IIS
is particularly high, since the IIS scattering rate depends
on the impurity density, which is equal to the carrier den-
sity here, and that is higher in p-type materials due to
their higher DOS.

Finally, in Fig. 7 (c) and 7(f), we show the overall PFs
of these materials at room temperature for n-type and
p-type polarities, respectively, including all phonon pro-
cesses and IIS. The average PF values at np = 0 eV are
more than halved now with the inclusion of all phonon
processes and IIS to PF, = 7.04 mW/mK? for n-type
and PF,=8.58 mW/mK? for p-type. These differences
between n-type and p-type, as well as the differences
in PF between materials themselves, at this point origi-
nate from the conductivity. As shown in the SI in Fig.
S11, the Seebeck coefficients of all materials (n-type and
p-type) are quite similar, with p-type being only 5 %
lower”S.

These values are close to what observed in
experiments® ®3, but on the upper level as expected.
In general, experimentally measured PF's are lower com-
pared to computed ones due to the multiple defects that
exist in the real material and not accounted for in simula-
tions. Experimental samples are typically polycrystalline
and include grain boundaries, defects, dislocations, etc.

Grain boundaries are common in polycrystalline materi-
als, which scatter carriers and reduce mobility and con-
ductivity. Vacancies can act as scattering centres, af-
fecting carrier concentration and mobility. Extra atoms
occupying interstitial sites can disrupt the crystal lat-
tice and scatter carriers. There are various other fac-
tors like antisite defects or secondary phases formed dur-
ing synthesis, which can lead to additional scattering.
These factors almost certainly reduce the electrical con-
ductivity and mobility significantly. In our previous work
on NbFeSb™, we found overall, the electrical conductiv-
ity of the experimental data is around a factor of three
lower compared to our computed results. On the other
hand, the measured Seebeck coefficient is larger com-
pared to the computed Seebeck coefficient, following the
well-expected adverse trend compared to the electrical
conductivity. The electrical conductivity suffers much
more in experiment compared to the improvements in
the Seebeck coefficient (compared to the simulated data),
such that the PF is overall lower the experiment (espe-
cially for higher temperatures). Here we provide a com-
parison for each of the materials we consider in S12 in the
SI"6 using a large number (over 1400) of measured PF
data points, which also demonstrate reasonable agree-
ment (on the upper level) between our computed results
and measured data.

All the bandstructures of the materials we consider
are plotted in the SI, Fig. S77%. Examining the CB of
these HHs, we observe similar features across materials
with the presence of the conduction band minima (CBM)
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at the X high-symmetry point. The presence of multi-
ple valleys, far away from each other in the Brillouin
zone, makes most n-type HHs favorable for high thermo-
electric PFs, since inter-valley scattering is suppressed®.
In addition to multiple valleys and deformation poten-
tials, other parameters that influence transport are the
conductivity effective masses of these materials meond,
(shown in Fig. S13(a) of the SI"®, as extracted using the
EMAF code®!) and through scattering parameters such
as the energy of the phonons involved in inelastic scat-
tering, the static dielectric constant (for ionized impu-
rity scattering), and the difference between the ionic and
electronic dielectric constant contributions (which deter-
mines the strength of the POP scattering), etc. (see all
corresponding values in Table I). It appears that the or-
dering of the PF has a strong correlation with the inverse
of Mcond, which determines the carrier velocities, as dis-
cussed in Ref.%*, rather than the mpos (Fig. S13(b)"°).
With regards to the scattering parameters, most of the
materials considered have similar values for these prop-
erties. However, a few systems, namely YNiBi, ScNiBi,
ScNiSb, YNiSb, and HfNiSn, not only exhibit a smaller
Meond, DUt also exhibit a much smaller difference between
their ionic and electronic dielectric constants, resulting in
smaller POP scattering, (arising from a reduced value of
[1/koo- 1/ko] - also see the last column of Table I for
a measure of the polar strength). Thus, these perform
better in terms of PF as n-type thermoelectric materials.
On the other hand, materials such as n-type TiCoSb,
NbCoSn, have higher mconq, and while they also have
two bands near the conduction band edge (as shown in
the SI in Fig. S779) they still have lower power factors.
Complex interactions between overlapping bands as in
these materials disadvantage transport®7.
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In the case of p-type materials, the valence band min-
ima (VBM) also consists of multiple bands with different
valley degeneracies, but other band shape complexities as
well. The materials with X-, L- or W-valleys have multi-
ple degeneracies with electronic states farther from each
other in the Brillouin zone, and have higher PFs. Note
that this is a feature of IIS, which is an elastic and intra-
valley mechanism. It might not always be the case, for ex-
ample, in the case of inelastic-limited processes like POP,
which couples higher/lower energy states and can lower
S, or IVS-limited processes, which significantly smoothen
the advantage of degeneracy. These, together with differ-
ent deformation potentials and dielectric constants, will
make the PF ranking more material-specific. However,
IIS-limited transport (with the strongest contribution)
is favoured significantly by degeneracy. In general, p-
type PF ranking seems to be more degeneracy controlled
rather than determined by the lower mcong.

One characteristic is that for many of the materials we
examine, the VBM resides at the I'-point, which consists
of three degenerate bands (of different effective masses).
One would think that holes in those bands experience
around three times the scattering as well, through inter-
valley/band scattering, which would make them behave
as if they are single degenerate, and have lower perfor-
mance. This, however, is not the case. As we showed
above, the square of the wavefunction overlap integrals
that appear in the scattering rate equations (and indi-
rectly in the electron-phonon matrix elements) turns out
to be on average 0.33 for the case of three-fold degenerate
bands, both for intra- and inter-valley scattering, and on
average 0.5 for double degenerate bands”. These valleys
at first order behave in terms of transport as if they are
independent. Instead of having only intra-band scatter-
ing and no inter-band, scattering is intra- and intra-band
but each with one third of the scattering strength. Thus,
at first order what matters for transport is the valley de-
generacy, whereas the positioning of the valleys in the
Brillouin zone can provide a secondary effect to trans-
port by broadening the energy surfaces, increasing the
exchange vectors and affecting POP and IIS as discussed
earlier. Nevertheless, still, the material with multiple
degenerate bands at the L-point (NBFeSb: 4-fold degen-
erate), or at L- and W-points (NbCoSn : 10-fold degen-
erate, 4 from L and 6 from W) top the PF, while the ones
with three-fold degenerate valleys at I" have weaker PF
performance.

In Fig. 8 we show this better, by grouping and averag-
ing the PF's from Fig. 7(f) into different categories. One
group of materials is the one which has the VBM only
at the I-point (blue line), in which case three bands of
different masses exist (YNiSh, ScNiSb, ScNiBi, YNiBi,
ZrNiPb, TiCoSb, HfNiSn). These have the lower PF as
only three bands participate in transport. The group
of materials with the immediately next higher PF, have
their VBM at the L-point (red line), which has a degener-
acy of 4 (ZrCoSb, ZrCoBi, and NbFeSb). Materials with


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta02998h

Open Access Article. Published on 12 January 2026. Downloaded on 1/22/2026 2:44:39 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

50
 (a) n-type
e ADP+ODP oo IS
40 oo pOP POP +1IS

Journal of Materials Chemistry A

@-o All Phonon

Page 12 of 16

View Article Online
DOI: 10.1039/D5TA02998H12

oo All Phonon + IIS

6 S’ [mW/K’m]

N, [eV]

Figure 9. The averaged power factor of all 13 HHs considered for multiple scattering case considerations as labelled in the
legend. (a) n-type materials. (b) p-type materials. The overestimation of the Coulombic POP+IIS from the total All phonon

+ IIS cases is indicated.

higher valley degeneracy generally exhibit higher power
factors. Thus, the next higher PF material is one with its
VBM at both the L and I" points (HfCoSb). Finally, the
highest PF is observed for NbCoSn, with its VBM at both
the L and W high-symmetry points, with a combined de-
generacy of 10 (4 from L and 6 from W). Although there
is some spread in the PFs within each group that can ex-
tend into other groups (as shown by the error bars in Fig.
S9), what we illustrate here is a general trend that highly
degenerate bands provide higher PFs. Note, however,
that the variation in the PF is not fully one to one with
degeneracy, thus any increment in degeneracy brings a
smaller PF increment on average. One reason is that the
presence of multiple bands/valleys could enhance inter-
valley scattering, thus limiting the overall increase in its
PF, and this is more pronounced for materials such as
NbCoSn for which the W-valleys reside close by in BZ
and are affected by smaller exchange vectors. In the SI
in Fig. S147%, we also perform the grouping for the cases
of POP and IIS separately, and POP and IIS combined
as well, using data from Figs. 4(e) and 7(e),

Since the Coulombic IIS and POP are both the strong
scattering mechanisms in HHs, it is interesting to ex-
amine how much these two alone, determine the overall
PF performance of the material. This is important for
computational studies, since such calculations do not re-
quire the heavily computational matrix element extrac-
tion that non-polar phonon scattering involves. For this,
we calculate the average PF values for all the 13 HHs
under consideration for transport limited by many com-
binations of scattering mechanisms. These are shown
in Fig. 9(a) and 9(b) for n-type and p-type materials,
respectively. We show the non-polar ADP+ODP lim-
ited transport (blue lines), the IIS (pink lines), the POP

(green lines), the POP+IIS (orange lines), the All phonon
case (black lines), and the All phonon + IIS (magenta
lines) limited transport. Indeed, the PF of the IIS-limited
transport case is the lowest compared to the ADP+ODP
and POP, showing the importance of IIS for both n-
type and p-type carriers, but it is weaker compared to
the combination of All phonons. Our interest here is
also to compare the PF extracted from the Coulombic
IIS+POP combined, to the total PF where All phonons
+ IIS are included. The former overestimates the PF by
30% and 37% in the cases of n-type and p-type carriers,
respectively (as noted in Fig. 9). The information that
POP+IIS overestimates the PF by on average 35% is im-
portant, since large scale computational studies can be
performed using such mechanisms alone, and still have a
reasonable estimation of the PF. On the other hand, non-
polar phonon scattering requires the extraction of matrix
elements, which is computationally extremely expensive
and non-scalable, especially for complex materials®®. Al-
ternatively, POP and IIS mechanisms combined, deter-
mine the thermoelectric PF by around 70% for n-type
materials and 63% for p-type materials (approximately
65% overall). It is also interesting to see that both in the
case of n-type and p-type materials, most scattering com-
binations (IIS, POP+IIS, All phonon, All phonon+IIS)
result in very similar PF values.

Finally, we would like to mention the approximations
that we employ. We employed the standard PBE-GGA
functional without the addition of a Hubbard U correc-
tion (DFT+U). This approach is validated for these half-
Heusler compounds by the good agreement of our calcu-
lated lattice parameters with literature5®72 (see Table
I) We mainly focussed on the role of the shape of the
electronic structure for n-type and p-type separately and
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the role of scattering mechanisms, which makes our con-
clusions independent of the exact bandgap values. In
this way, we do not consider minority carrier contribu-
tions (i.e. bipolar effects). We would expect some con-
tribution of bipolar effects at high temperatures for the
small bandgap HHs, but in this work we only consider
room temperature operation, T = 300 K. Furthermore,
the effect of spin-orbit coupling on the band structure of
the half-Heuslers we consider is negligible near the band
edges, which determine transport, as reported in other
works by us and others®®%°. Thus, it is not included in
the calculations. Transport calculations were performed
using the Boltzmann transport equation within the re-
laxation time approximation, which is common practice,
providing adequate accuracy compared to methods be-
yond the relaxation time approximation. Our overall PF
values are similar to what experimentally obtained in the
literature, thus, we believe the approximations we employ
do not affect our results quantitatively in a noticeable
manner.

V. SUMMARY AND CONCLUSION

In summary, we have studied the thermoelectric power
factor (PF) properties of a group of 13 half-Heusler (HH)
alloys, with the goal of identifying the scattering mech-
anisms that mainly determine transport and provide as
computationally possible accurate predictions for the
PF. DFT-based ab initio simulations have been carried
out to calculate the electronic structures and static value
of the dielectric constants, whereas the deformation
potentials used were obtained from density functional
perturbation theory (DFPT) with Wannierization.
Boltzmann transport simulations were performed using
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the code ElecTra. We find that the PFs of HHs at 300
K reside mostly between 5-10 mW/mK2 for both n-type
and p-type materials, with the higher performers being
the ones with high band degeneracies (p-type), and/or
weaker polar nature (n-type). This could provide a
roughly generic range for the power factor of HHS. We
find that the positioning of the valleys ion the Brillouin
zone is of less importance, since inter-valley scattering is
effectively suppressed at a large degree across materials.
We compared in detail the strength and influence that
different scattering mechanisms have on the thermoelec-
tric properties. We found that the Coulombic scattering
mechanisms ionized impurity scattering (IIS) and polar
optical phonon scattering (POP) combined, determine
transport more significantly compared to their non-polar
counterparts, namely, ADP and ODP, with IIS being
the stronger of all mechanisms. In fact, we showed
that the POP and IIS mechanisms combined determine
the thermoelectric PF on average by around 65%. We
believe the findings of this work are not only applicable
for the group of HHs we have studied, but they can be
applied to the understanding, design and optimization
studies for other HHs and polar materials in general. For
computational purposes, knowledge of the importance
of POP and IIS compared to ADP and ODP (which are
computationally much more expensive ab initio), would
suggest that transport examination of such materials
can be performed at first order based on POP and IIS,
which are computationally much cheaper.
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