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Tailoring the transport coefficients and thermoelectric properties of Cs;NaYbClg
perovskite by doping and nanoengineering: A first-principles based theoretical approach
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We present a first-principles investigation of the combined effects of chemical doping and nanostructuring
on the thermoelectric performance of the double halide perovskite Cs;NaYbClg. Using density functional
theory and Boltzmann transport calculations, we explicitly include all relevant scattering mechanisms (namely,
electron—phonon, phonon—phonon, Coulomb impurity, phonon—-impurity, and grain boundary scattering) to
evaluate electrical and thermal transport coefficients. Our results show that Coulomb scattering from dopants is
strongly screened and negligible compared to dominant electron—phonon interactions. Thus, both n- and p-type
doping enhance electrical conductivity while only moderately reducing the Seebeck coefficient, leading to a
significant increase in power factor. Phonon—impurity scattering is found to be minimal, while grain boundary
scattering effectively reduces lattice thermal conductivity without strongly affecting carrier mobility. Combining
optimal n-type doping (10'® cm~) with nanoscale grains (10 nm), the figure of merit Z7 increases from ~1078
in the pristine crystal to ~0.12. These findings demonstrate a viable pathway for improving thermoelectric
efficiency in wide-band-gap, lead-free perovskites through controlled extrinsic modifications.

DOLI: 10.1103/729y-m77y

I. INTRODUCTION

The search for high-performance thermoelectric materials
is of great interest in modern materials physics, strictly related
to fundamental questions about the microscopic mechanisms
of charge and heat transport, mutually interacting and en-
abling the direct conversion of heat in voltage differences.
This issue, inherently of fundamental interest, is also of prac-
tical relevance within the framework of the so-called green
transition: The direct conversion of thermal gradients into
electrostatic field shows great potentials for improving the
efficiency of existing energy systems. For instance, it could
enable the recovery of waste heat that would otherwise be lost
to the environment—a scenario that applies not only to tradi-
tional thermal power plants, but also to photovoltaics, where
thermoelectric cooling [1] could help mitigate temperature
increases known to impair device performance.

One of the key limitations still hindering the large-scale
implementation of thermoelectric technology lies in the rel-
atively low conversion efficiencies of the best-performing
materials available today. Even more concerning is the fact
that these materials often rely on toxic elements such as
lead, which pose serious environmental concerns. As a result,
significant efforts are being directed toward the identifica-
tion of alternative compounds that could meet the stringent
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requirements of an ideal thermoelectric material. According
to the well-known definition by Slack [2,3], such a material
should behave as a “phonon glass” and an “electron crystal”,
i.e., it should simultaneously exhibit low thermal conductiv-
ity and high electrical conductivity. Phenomenologically, the
efficiency of a thermoelectric material is quantified by the

dimensionless figure of merit [4]

2

ZT = ﬁT, 1)

K
where o is the electrical conductivity, S the Seebeck coeffi-
cient, k the thermal conductivity (including both lattice «. and
electronic «, contributions), and 7' the operating temperature.
Among the most promising candidates in this context are
perovskites, which offer very appealing properties. These
materials feature a distinctive crystal structure composed of
corner-sharing octahedra, leading to very low lattice thermal
conductivities. Most studies attribute this behavior to the pres-
ence of very short phonon lifetimes, primarily associated with
dynamic disorder and tilting modes of the octahedral units
[5-9]. On the other hand, many perovskites are semicon-
ductors [10], a property that favors reasonably high Seebeck
coefficients and results in negligible electronic contributions
to the overall thermal conductivity [11]. Unfortunately, how-
ever, their relatively large band gaps often lead to extremely
low electrical conductivity [12], because of the lack of free
charge carriers. This problem is, indeed, very general affect-
ing halide perovskites as well as other emerging promising
candidates displaying intrinsically low lattice thermal con-
ductivities and tunable electronic structures. In particular, it
is notable to mention compounds such as half-Heusler al-
loys [13-15], skutterudites [16—18], clathrates [19-23], and
chalcopyrites [24-30], which have long been studied for their
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favorable balance between electrical and thermal transport
properties. More specifically, skutterudites show low thermal
conductivities [18], below 1 W m~! K~!, while half-Heusler
materials display very large Seebeck coefficients and toler-
ance to disorder [15], leading to ZT possibly reaching values
as high as 1.6. These systems, even if exemplify different
design paradigms, are still actively investigated to suppress
lattice thermal conductivity and increase the free charge car-
rier concentration.

A natural solution to bypass these limitations, widely
and successfully applied in conventional semiconductors for
electronic applications, is chemical doping, which can signif-
icantly increase the carrier concentration. However, doping is
not without drawbacks: The introduction of charged impu-
rities perturbs the crystal lattice, thereby affecting both the
phonon and the electron properties. From a thermoelectric
perspective, this can have a mixed impact. On one hand, it
reduces the lattice thermal conductivity, a beneficial effect
for enhancing ZT'. On the other hand, it introduces Coulomb
scattering, an additional source of electron scattering beyond
the intrinsic electron—phonon interaction. This further limits
electron lifetimes and, in turn, reduces electrical conductivity.
Moreover, at high doping levels, the electronic contribution to
the thermal conductivity can no longer be neglected, which in
turn reduces the improvements in Z7 .

Another interesting approach is instead based on a precise
nano-engineering of the material exploiting grain-boundary
scattering, i.e., the reduction of carrier and phonon mean free
path because of the finite-size of the crystalline regions (the
grains), where they can freely propagate. The presence of
these nanocrystalline domains, in fact, can effectively gen-
erate very distinct mean free paths for charge carriers and
phonons, and it is in principle possible to design materials
where heat transport is limited while maintaining a fairly
reasonable high charge transport, thus resulting in an overall
increase of ZT .

In both cases, an accurate assessment of the feasibility
of these strategies must take into account the competing ef-
fects of several different scattering mechanisms present in the
material. In particular, it requires reliable estimates of the scat-
tering rates associated with the dominant processes, namely
(i) phonon—phonon, (ii) electron—phonon for pristine mate-
rials, (iii) Coulomb scattering (in the presence of charged
impurities), and (iv) phonon impurity. Once the carrier
lifetimes associated with these processes are known, the
Boltzmann transport equation (BTE) provides a rigorous
framework for computing the resulting transport coefficients:
Ke, 0, and S for charge carriers and ki, for phonons.

In two of our previous studies [31,32], we thoroughly in-
vestigated the thermal and electronic transport properties of
the pristine double halide perovskite Cs,NaYbClg. It crystal-
lizes in the cubic Fm3m space group, corresponding to the
elpasolite prototype (A;BB’X) structure. Its lattice is derived
from a rock-salt ordering of the B-site cations, where Na
and Yb occupy alternating octahedral sites within a three-
dimensional network of corner-sharing [YbClg] and [NaClg]
octahedra. The conventional cubic cell contains 40 atoms,
with the following Wyckoff positions: Yb at 4a (0, O, 0),
Na at 4b (0, 0, 1/2), Cs at 8c (1/4, 3/4, 3/4), and CI at 24e
(0, 0.257662, 1/2). The primitive cell corresponding lattice

parameters are a = b =c = 7.547A and « = B = y = 60°
[31]. Interestingly, this highly symmetric configuration en-
sures isotropic transport behavior [31,32].

Using fully first-principles methods, we have calculated
the lattice thermal conductivity via phonon—phonon scattering
up to fourth-order anharmonicity, and evaluated the electronic
transport coefficients S and o via electron—phonon scattering,
the only relevant intrinsic mechanism in pristine, defect-free
crystals. We found that, although hole- and electron-mediated
charge transport exhibit significant differences (with the lat-
ter showing higher mobilities), the resulting ZT values were
consistently and significantly low, well below any practical
threshold.

In this work we explore possible avenues to tailor the
transport properties of Cs;NaYbClg to the aim of enhancing
its ZT; more specifically, we investigate the role of nanos-
tructuring and chemical doping (both p-type and n-type),
explicitly including Coulomb scattering from impurities. To
this end, we organized the paper as follows: First, in Sec. II,
we present the theoretical methods adopted to calculate the
impact of charged impurities and grain boundaries on charge
carriers and phonons. More specifically, in Sec. Il A, we out-
line the theoretical approach for Coulomb scattering caused
by charged impurities, namely the fully ab initio calcula-
tion based on the EPW code. This allows us to estimate
carrier lifetimes as a function of charged impurity number
concentration, which we systematically explore in the range
10'5-10' cm™3. The choice of these values is motivated by
the fact that 10'3 cm™3 concentrations are the typical concen-
tration of native defects in a pristine system (see Ref. [32]),
and thus a concentration of 10'> cm =3 is suitable to describe a
low-doping regime. On the other hand, since the upper limit of
10" cm~3 is motivated by the need to maintain a dilute regime
even at high-doping concentration, as motivated in Sec. II. In
Sec. II B, we outline how such impurities impact on thermal
transport, using the theoretical framework provided by the
Tamura model [33] with the very recent ideas proposed by
Snyder et al. [34], while in Sec. II C the lifetimes due to grain
boundaries are discussed, relying on a very similar theoretical
treatment for charge carrier and phonon transport. In Sec. II D,
finally, the computational setup adopted is presented.

Our results, presented in Sec. III, provide compelling evi-
dence that Coulomb scattering plays a minor role compared to
electron—phonon interactions, which result to be the dominant
limiting factor for carrier mobility across the entire doping
range, in both p- and n-type regimes (Sec. III A). Taking
this insight into account, we discuss the predicted electrical
conductivity and Seebeck coefficient as a function of dopant
concentration n, and temperature (with 7 = 300, 500, and
800 K). The data reveal a clear trade-off: While the See-
beck coefficient decreases with increasing doping, electrical
conductivity improves significantly, leading to a marked en-
hancement of ZT . Interestingly enough, in Sec. III B we show
that charged impurities have a limited impact also on thermal
lattice conductivity for typical interstitial atom masses. Over-
all, an increase in ZT is obtained by chemical doping.

In Sec. III C, we show that a similar increase can be
very efficiently obtained by nano-engineering, if sufficiently
small grain size are chosen. In fact, the calculated reduction
of lattice thermal conductivity is significantly larger than the
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corresponding decrease of carrier mobilities, revealing a clear
asymmetry that can be exploited to raise the ZT value up to
~0.12, compared to 10~ pristine case.

II. METHODS

The transport properties discussed in this work, namely the
electrical conductivity o, the Seebeck coefficient S, and the
electronic k, and lattice 1, thermal conductivity, are system-
atically evaluated within the framework of the Boltzmann
transport equation (BTE) [35,36]. Within this formalism, the
transport coefficients are expressed in terms of the lifetimes
of the relevant scattering processes, which dictate the mean
free paths of charge carriers and phonons. In all cases con-
sidered here, the total scattering rate is obtained by applying
Matthiessen rule, whereby the inverse lifetime of each state
is given by the sum of the inverse lifetimes associated with
the various scattering mechanisms. In the case of charge
carrier transport, by considering the Kohn-Sham state la-
beled by the band index n and the wave-vector K, it can be
written as

1 1 1 1

P @
" Tnk Tnk Tnk

where, beside the band index n and wave-vector Kk, the su-
perscripts indicate the specific scattering process: ¢! is
the lifetime due to intrinsic electron-phonon scattering, 7™
the contribution from ionized charged impurities, and 72 the
additional scattering introduced by grain boundaries. We also
note that since ionized charged impurity can induce a p- or
n-doping regime, it is necessary to label holes and electron
lifetimes, which in this paper will be written as 1, and 7.,
respectively.

The same scheme applies to phonons, with phonon-
phonon, phonon-impurity, and phonon-boundary scattering
all contributing to the total phonon lifetime. After calcu-
lating the lifetimes for each process introduced in Eq. (2),
the methodological workflow proceeds in three main steps.
First, we evaluate the impact of charged impurities on car-
rier dynamics by computing the electron—impurity lifetimes.
As described in Sec. IT A, this is done using the pristine
electronic and vibrational structures from Refs. [31,32] and
combining them with the intrinsic electron—phonon lifetimes
through Matthiessen’s rule. The resulting electron and hole
lifetimes are then used to solve the BTE and obtain the
electrical conductivity, Seebeck coefficient, and electronic
thermal conductivity. Second, the effect of dopants on the
lattice thermal conductivity is treated by merging the intrin-
sic phonon—phonon and phonon—impurity lifetimes within
the Tamura—Snyder formalism (Sec. IIB), which explic-
itly depends on the dopant mass. Finally, the influence of
grain boundaries on both charge carriers and phonons is ad-
dressed through the scattering model outlined in Sec. IIC.
This sequence provides a systematic inclusion of all relevant
scattering mechanisms, as schematically summarized in the
Introduction and computationally implemented as detailed in
Sec. IID.

A. Coulomb scattering: Ab initio (Kohn-Luttinger) approach

Scattering from charged impurities is a well-established
mechanism limiting carrier mobility in semiconductors, espe-
cially at high doping concentrations where it can dominate
over intrinsic electron-phonon scattering [37-41]. This mech-
anism originates from the long-range Coulomb potential
generated by ionized dopants: donors, responsible for sup-
plying electrons to the conduction band, and acceptors, for
creating holes in the valence band. These charged centers act
as long-range scattering sources, reducing carrier lifetimes
and mobility.

Historically, the impact of Coulomb scattering has been
modeled using semi-phenomenological approaches such as
the Brooks-Herring formula [37]. However, a more rigorous
and modern approach involves computing Coulomb scattering
rates from first principles. In this work, we have made use
of the EPW code implementation [41,42], where the impurity
potential is modeled in the first Born approximation as a point
charge embedded in a dielectric continuum. The potential is
periodic over the supercell and includes the static dielectric
tensor &g of the host crystal,

A Ze £/(4+6)-(r—ro)

&0 G;q (q+G)-&-(q+G)’

¢(rirg) =

3

where ry is the impurity position and G are the recipro-
cal lattice vectors. The corresponding transition rate between
Kohn-Sham states ¥,k and v¥,x4+q owing to a distribution of
Nimp random impurities is obtained after performing a Kohn-
Luttinger configurational average [43],

1 2
T = gy Melgm K O3 — Enira). (4)
nk—mk+q

with the matrix element

2 iGr
—e (Upktqle™ " [unx)
gmn(kv (I) = — '

4 ey G;q q+G)-e-(q+G)

®

These matrix elements, with a formal structure very similar
to the corresponding electron-phonon g, ., effectively account
for the dielectric screening, providing a description of the
interaction of the point charges with the surrounding crystal
environment.

Following Refs. [41,42], the crucial issue of dealing with
divergence of the Coulomb potential for q — 0 is solved
by a regularization procedure. Using the physical guess
that ionized impurities are screened by the charge carriers
they generate, a free-carrier screening is introduced via the
Thomas-Fermi approximation, whereby the dielectric func-
tion becomes [41,42]

4ir
q*
with grp the Thomas-Fermi screening wave-vector, computed
from the electronic density of states at the Fermi level.

In this work, the impact of charged impurities on the trans-
port coefficients of Cs;NaYbClg is evaluated using the ab

initio method, which yields scattering rates fully accounting
for the material electronic structure.

cot(q) = &0 + (6)
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B. Impurity scattering on phonons: Tamura-Snyder approach

Doping introduces ionized impurities that scatter both
charge carriers and phonons, perturbing the translational sym-
metry of the crystal. This impurity-induced phonon scattering
represents a key mechanism limiting lattice thermal conduc-
tivity, particularly in materials with significant substitutional,
interstitial, and vacancy disorder.

Traditionally, for inorganic semiconductors as Si, Ge, and
GaAs, substitutional doping has been the most widely ex-
plored strategy for introducing charge carriers. This choice,
in fact, is characterized by several advantages: substitu-
tional dopants can be energetically more stable, are easier
to incorporate during synthesis, and tend to introduce well-
controlled shallow levels in the electronic structure [44—46].
Furthermore, substitutional atoms generally diffuse less than
interstitials, enhancing their thermal and chemical stability in
typical semiconductors such as GaAs [47].

Nevertheless, interstitial doping is equally possible and has
been recently explored in perovskites [48—50], resulting in
interstitial dopants to be beneficial in suppressing the migra-
tion of halide ions. In perovskites, in fact, interstitials can
offer benefits such as enhanced phonon scattering, which can
in turn lead to reduction of lattice thermal conductivity and
increase in ZT [51]. In this respect, if compared to covalent
semiconductors, the peculiar lattice of halide perovskites is
more suitable for hosting interstitial defects, because of the
presence of large interstitials cavities between the octhaedral
units. Also, the overall lower lattice stiffness allows the inclu-
sion of interstitials with relatively low lattice distortions [52].

In any case, because of the dominant presence of substitu-
tional defects in literature compared to interstitials, theoretical
models have rarely addressed the specific direct calculation of
electron-impurity lifetime for interstitials and vacancies, fo-
cusing instead on modeling the effect of substitutional defects.
For this case, a widely used analytical framework is the pertur-
bative approach developed by Tamura [33], which describes
mass-difference scattering in the harmonic approximation.
While this approach is typically applied to isotope scattering,
it has been successfully extended to treat dilute concentrations
of point defects in various semiconductors and thermoelectric
materials [53,54]. In this model, the inverse lifetime r;fr}p(a))
arising from mass disorder for a mode indexed by wave-vector
g, branch j, and frequency w is given by

1 T,
=W 6(0)_0)(1’]”)
‘L'qu(a)) 2Nq q) %;

2

x Y T()|e"(c:q'j') - ek q)) )

where N, is the number of g points in the Brillouin zone,
wyj is the phonon frequency, and e(x; gj) is the eigenvector
(polarization) of atom « in mode (q, j). The isofactor I'(x)
quantifies the mass variance on sublattice «,

o\ 2
) = fo(l - Z—) @®)

with f/ the fractional concentration of isotope (or dopant) i,
m{ its mass, and 1, the average atomic mass on site «.

Notably, while this model is well suited for substitu-
tional doping (where atomic mass is perturbed but bonding
is assumed constant), it was recently suggested [34] its gen-
eralization to the case of interstitials or vacancies, which alter
both mass and local force constants. In fact, to address this
issue, Snyder et al. [34] introduced a virial-corrected mass
perturbation model that extends the Tamura formalism to non-
substitutional defects, allowing to treat them in the framework
of the mass-defect formalism. To further clarify the physical
origin of phonon—defect scattering, we recall the extended
formulation introduced by Snyder and coworkers in Ref. [34].
Their analysis revisits the classic treatment of point defects
proposed by Klemens [55,56], with Tamura formulation [33]
providing a refined approach that preserves the same concep-
tual foundations. In this framework, the energy perturbation
H’ induced by a point defect at site r, with a set of nearest-
neighbor vectors {b,}, can be written in terms of the atomic
displacement vector u(r) as

1 d 2 1
H = EAM( ldlir)) + ; EAKbn [u(r) —u(r — bn)]2
+ Y ynlu@) —u@r —b,)P%. ©)

Here, three distinct contributions are taken into account: a ki-
netic term arising from the local mass change AM, a potential
term associated with the variation in the interatomic force con-
stants AKjp, , and an additional potential term stemming from
the local strain n induced by a change in atomic radius upon
defect insertion, proportional to the y Griineisen parameter.

In most practical cases, the strain-induced correction (the
third term) is small and is typically considered a third-order
effect because of its proportionality to the Griineisen pa-
rameter. This approximation is also plausible for interstitial
of perovskite owing to the large interstitial regions between
octahedra, which can host relatively large cations without
significant distortions. It can therefore be neglected with-
out significant loss of accuracy. The second term, involving
changes in interatomic force constants AKjy, , would ideally
require explicit DFT calculations on large supercells to quan-
tify, which is often computationally prohibitive.

To bypass this problem, in Ref. [34] it is observed that the
remaining Hamiltonian, once the strain term is discarded, is
quadratic in the displacement field u(r). This allows one to
exploit the virial theorem, which states that the time-averaged
kinetic and potential energies are equal in magnitude. Con-
sequently, the combined effect of mass and bond stiffness
variations can be captured by considering only an effective
mass perturbation, effectively bypassing the need to explicitly
calculate AK.

Following this reasoning, the treatment of vacancy defects,
as first proposed in Ref. [57], can be recast within the same
formalism. In this case, the removal of an atom results in
both the loss of its kinetic energy and of the potential energy
associated with its chemical bonding. The result is a net loss
in potential energy that is approximately twice the average
per-atom bonding contribution [34,57]. This motivates the use
of an effective mass defect of mf = —Mpoq — 2M in Eq. (8),
where M5 is the mass of the missing atom and M is the
average atomic mass of the lattice.

015403-4



TAILORING THE TRANSPORT COEFFICIENTS AND ...

PHYSICAL REVIEW MATERIALS 10, 015403 (2026)

Similarly, interstitials are modeled with the use of an ef-
fective mass perturbation of mf = M, + 2M, accounting for
both the dopant mass and the additional bonding interac-
tions formed with two neighboring atoms of average mass
M. This modified model preserves the analytical simplicity of
Tamura expression while enabling a unified treatment of sub-
stitutional, interstitial, and vacancy-type scattering by simply
adopting the proper value for m in Eq. (8).

In this study, we focus on interstitial doping, motivated
by the hypothesis that interstitials may enhance phonon scat-
tering more effectively, an effect beneficial for ZT increase.
We thus adopted the Snyder-modified Tamura approach to
quantify the phonon lifetimes and use the resulting linewidths
as input to Boltzmann transport calculations.

C. Grain boundary scattering for charge carriers and phonons

Grain boundaries in polycrystalline materials act as ex-
tended structural defects, introducing additional scattering
mechanisms for both electrons and phonons. These bound-
aries typically act as partially reflective interfaces, disrupting
coherent transport and reducing carrier lifetimes. This effect
is particularly important in nanostructured materials, where
the grain size approaches the mean free path of carriers or
phonons.

The phonon lifetime t® for the phonon mode qj (or,
analogously, the carrier lifetime in the electron state kn) in the
presence of only grain boundary scattering can be expressed
as [36,58]

L 2|vgl

g T
Tqj

(10)

where vq; is the group velocity, and L is the effective grain
size. The term captures the additional scattering caused by
grain boundaries under the assumption of fully diffusive
boundary conditions.

Since rff}) and & can, in principle, be substantially dif-
ferent, grain boundary scattering offers a valuable way to
distinctively reduce thermal and electrical conductivities, an
effect exploited in the design of thermoelectric materials with
suppressed lattice thermal conductivity.

The inverse dependence on grain size (L) highlights the
tunability of transport properties via microstructural engineer-
ing. As L decreases, boundary scattering increases, enabling
independent control over the mean free paths of carriers and
phonons, which, as we will show, is essential for optimizing
the thermoelectric figure of merit ZT .

D. Numerical implementation

All first-principles calculations presented in this work
were performed using the same computational framework
and parameters detailed in Refs. [31,32], which provide a
comprehensive description of the adopted pseudopotentials,
energy cutoffs, Brillouin zone sampling, and PBE exchange-
correlation functional. Here, we briefly summarize the main
settings for completeness.

Calculations were carried out using the QUANTUM
ESPRESSO suite [59,60], employing ultrasoft scalar-
relativistic pseudopotentials, a plane-wave Kkinetic energy

cutoff of 70 Ry, and charge density cutoff of 350 Ry. In
this framework, spin—orbit coupling (SOC) is not included
through the full relativistic operator but only at the scalar
level. Although Cs;NaYbClg contains the heavy element
Yb, whose 4f electrons could, in principle, introduce spin—
orbit and correlation effects, we adopted pseudopotentials
with 4f electrons frozen in the core, effectively model-
ing the Yb** oxidation state. This choice is justified by
our previous works [31,32], which demonstrated that ex-
plicit treatment of 4 f states leads to artificial metallicity due
to strong correlations, inconsistent with the experimentally
observed wide-gap insulating behavior. On the other hand,
hybrid functional calculations or DFT + U could in princi-
ple recover the correct electronic structure, but the former
are computationally prohibitive for this system, and the lat-
ter is currently incompatible with the EPW implementation
used here. Moreover, spin—orbit corrections were previously
shown to produce only minor quantitative changes in the
band structure [32]. For these reasons, we are confident that
the scalar-relativistic approximation provides a consistent and
physically reliable description, without affecting the relative
trends in transport properties discussed in this work. The
electronic structure was calculatedona 7 x 7 x 7 Monkhorst-
Pack k-point mesh for self-consistent field (SCF) calculations,
and refined via non-self-consistent field (NSCF) runs on a
denser 15 x 15 x 15 grid. Phonon properties were evaluated
using density-functional perturbation theory as implemented
in the ph.x module, using a 7 x 7 x 7 q-point grid. Wan-
nier interpolation of electron and phonon properties was
performed using the EPW code [61], with initial projectors
chosen as Cl p orbitals for valence states and Cs s orbitals
for conduction states. All calculations were performed within
the dilute-defect and rigid-band approximations, whereby de-
fects modify carrier and phonon lifetimes without altering
the underlying electronic or vibrational structures. Accord-
ingly, the electron and phonon datasets from our previous
works [31,32] were used as reference. The doping process
was not modeled through explicit supercell calculations, but
through well-established perturbative formalisms describing
scattering by impurities and grain boundaries. Charge car-
riers, ionized impurity and grain boundary scattering rates
were computed ab initio within EPW using the pristine DFT
band structure, with defect concentration and charge state as
input parameters. Phonons and defect scattering rates were
in turn evaluated via the Tamura—Snyder formalism imple-
mented in ALAMODE, using fourth-order interatomic force
constants from the pristine crystal. Finally, thermal band-gap
renormalization was neglected, since Cs,NaYbClg has a wide
gap (>3eV), and temperature-induced shifts are expected to
be only a few meV, thus negligible for the present analysis.
To ensure consistency across all calculations, the lifetimes
7™ and 7 for both electrons and phonons were computed
using the electronic and vibrational datasets established in
Refs. [31,32]. Specifically, the temperature-dependent phonon
dispersion relations wgq;(7T), group velocities vq;(T'), and in-
trinsic phonon—phonon scattering times tg?fph from Ref. [31]
were used as input for calculating the phonon—impurity
r:lr;p () [see Eq. (7)] and grain boundary 'L’(f}) [see Eq. (10)]
relaxation times. These extrinsic phonon lifetimes were then
incorporated into the calculation of the lattice thermal conduc-
tivity k. using the ALAMODE package [62,63], which includes
higher-order anharmonicity effects.
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T=300K
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1015 10 10 10 10
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FIG. 1. Hole 7, and electron t, lifetimes in Cs;NaYbClg at 7 = 300K (left) and 7 = 800 K (right). ooeh represent lifetimes owing to

eh
imp

intrinsic carrier-phonon scattering and are reported as red (holes) and green (electron) lines, while 7, represent lifetimes owing solely to
Coulomb scattering from charged impurities (black and blue dots). In the latter case, lines are just a guide for the eye.

The electron—impurity 73" and electron grain boundary

rfll: lifetimes were evaluated starting from the band structure
reported in Ref. [32]. The EPW code was used to solve the
Boltzmann transport equation in the presence of Coulomb
impurity scattering [41] and grain boundary scattering [42]
within the iterative scheme, yielding temperature- and doping-
dependent carrier mobilities and relaxation times.

The Seebeck coefficient S and the electronic contribu-
tion to the thermal conductivity x, were computed using
the BOLTZTRAP2 code [64], adopting the rigid-band approx-
imation and including doping effects through a shift in the
chemical potential i. To ensure accurate evaluation of «,,
an average relaxation time was extracted from the detailed,
energy-dependent lifetimes obtained using EPW. All transport
coefficients were calculated as functions of temperature 7,
carrier concentration n., and grain size L, to assess their in-
fluence on the behavior of 0, S, k., and «7..

Finally, the thermoelectric figure of merit ZT was obtained
using Eq. (1), fully including the intrinsic (phonon—phonon
and electron—phonon) and extrinsic (impurity and boundary)
scattering mechanisms in the determination of each individual
transport coefficient.

III. RESULTS AND DISCUSSION

A. Impact of charged impurities on electrical transport
coefficients and power factor

Using the first-principles framework implemented in EPW
(as detailed in Sec. II A), we computed the typical carrier
lifetime associated with electron—charged impurity scattering.
The results are reported in Fig. 1, where, for comparison, we
also show the lifetimes owing to intrinsic electron—phonon
scattering, as previously determined in our earlier work [32].
We remark that in Fig. 1 the intrinsic scattering lifetime results
independent of the dopant concentration since it accounts for
an intrinsic process always present in the material. All data
were obtained at two representative temperatures, 7 = 300 K
(Fig. 1, left) and T = 800K (Fig. 1, right), spanning the
operational window for potential thermoelectric applications

of the material. It is evident that in Cs;NaYbClg, the domi-
nant scattering mechanism governing charge carrier mobility
is intrinsic electron—phonon interaction. Even for the highest
investigated dopant concentration, impurity scattering yields
systematically longer carrier lifetimes. We interpret the ob-
served trend as a consequence of a weak influence of impurity
scattering caused by the minor perturbing effect of the charged
impurity on crystal potential, as well as the intrinsic strong
activation of all electron—phonon scattering channels even at
T =300K.

Regarding the first point, we argue that the relatively
large dielectric constant of the material, computed via linear-
response theory as ¢, = 9.3, leads to substantial dielectric
screening of the Coulomb potential induced by the impurities,
thereby reducing their impact on scattering. As for the second
point, our previous work already highlighted the presence of
numerous optical phonon modes with large electron—phonon
matrix elements g, even at room-temperature, resulting in
frequent scattering events.

Additionally, Fig. 1 shows that electron—impurity scatter-
ing lifetimes are consistently longer than those for hole—
impurity scattering across both low and high temperatures.
In our understanding, this trend is naturally explained by the
lower effective mass of electrons compared to holes, specifi-
cally mj = 1.7 and m; = 2.7 (in electron mass units). Since
the carrier lifetime scales inversely with the square root of the
effective mass, this behavior directly reflects the specific band
structure of Cs,NaYbClg.

The same analytic framework also explains the observed
increase in lifetime with temperature. At higher temperatures,
the Debye screening length increases, which physically cor-
responds to a weakening of impurity scattering because of
enhanced screening. Thus, the impact of impurity scattering
on charge transport becomes even less significant as tem-
perature rises. As observed in Ref. [32], we argue that the
weaker temperature dependence observed for p-type transport
arises from the more localized character of the valence-band
states, whereas the higher mobility and stronger temperature
sensitivity of n-type transport reflect the greater delocalization
of conduction-band carriers.

015403-6



TAILORING THE TRANSPORT COEFFICIENTS AND ...

PHYSICAL REVIEW MATERIALS 10, 015403 (2026)

102 .

n-ddping

10!

100

—

' -1
g1o

Fgm'z
o]
10° 300K —e—
10 500 K ]
800 K —e—
10_?015 1016 1077 1078 1019
ne (cm®)

102 .

p-ddping
10"k E

100 ¢

—_

! 1L
510

c 102}
o]
103

300 K —e— 1
500 K ]
800 K —o—
10?015 10'16 10'17 10'18 1019
Nne (cm'3)

104

FIG. 2. Electrical conductivity o as a function of carrier number density . in the case of n- (left) and p-type (right) doping. Blue, green,
and red points indicate the three different temperatures investigated (300, 500, and 800 K, respectively).

These considerations lead to the conclusion that intrin-
sic mechanisms dominate over extrinsic (impurity-related)
scattering, a finding that carries conceptual importance. As
noted in the Introduction, charged impurity doping affects
the material in two opposing ways: it increases the carrier
concentration (enhancing conductivity) but also introduces
additional scattering channels (which reduce mobility). How-
ever, if impurity-induced scattering times are sufficiently long,
the adverse effect becomes negligible, and only the benefi-
cial increase in carrier concentration remains, resulting in an
overall enhancement of electrical conductivity. To quantify
this effect, Fig. 2 displays the electrical conductivity o as a
function of charged impurity concentration 7., including the
total relaxation time from both electron—phonon and impurity
scattering. Results are shown for electrons and holes (Fig. 2,
left and Fig. 2, right, respectively) at three representative tem-
peratures (300 K, 500 K, and 800 K) corresponding to low-,
mid-, and high-temperature thermoelectric regimes. We ob-
serve that, although higher temperatures reduce conductivity,
increasing the concentration of donor or acceptor impurities
leads to a substantial improvement. This behavior is consis-
tent with the dominant role of intrinsic mobility, which, as
already established in Ref. [32], decreases with temperature,
thus reducing conductivity.

A very different trend is obtained for the Seebeck
coefficients. Figure 3 shows that increasing the dopant con-
centration (both for n- and p-type doping in left and right
panel, respectively) consistently leads to a reduction in the
magnitude of the Seebeck coefficient, opposite to the trend
observed for electrical conductivity. This behavior, often
reported in the literature for semiconductors [36,65], is typ-
ically explained, in the context of the Boltzmann transport
equation under the relaxation time approximation (RTA), by
defining the transport function X(E, T') [64],

S(E T)—/Zv ® VuxTnkS(E — E, )ﬁ (11)
5 - - nk nktnk n,k 87'[3’

where E is the carrier energy and v, x and 7, x are its velocity
and lifetime in the nth band at k wavevector, we have that the

Seebeck coefficient can be expressed as [64]

1 [ZE TYE — )i fOE, 1, T)dE

ST =7 [ S(E. T)op fOE, . T)dE

12)

where p is the chemical potential (shifted accordingly to the
doping concentration) while 9z f°(E, u, T) is the short-hand
notation for the derivative of the Fermi-Dirac equilibrium
distribution function respect to the energy.

Focusing on the numerator of Eq. (12), it is evident that
the Seebeck coefficient results large only when the chem-
ical potential w is sufficiently far from the band edges, a
condition quantified by the (E — u) term in the integral.
Doping, on the other hand, shifts p closer to the conduc-
tion or valence band, thereby reducing the integrand and
hence S. Comparing the two doping regimes, we find sim-
ilar magnitudes for electrons and holes, although electron
transport exhibits a stronger temperature dependence. In both
cases, S increases with temperature, primarily because of the
temperature-induced broadening of the Fermi—Dirac deriva-
tive 0 fO(E , b, T), which increases the number of carriers
contributing to S. However, the more limited increase in the
hole case likely originates from the higher degree of spatial
localization of valence band states, compared to the more
delocalized conduction band states.

Combining these results for o and S, we compute the
power factor, PF = 052, shown in Fig. 4 as a function of car-
riers concentration for both transport regimes across different
temperatures. In both doping scenarios, the PF increases with
dopant density but decreases with temperature. This trend
underscores the dominant role of electrical conductivity in
shaping the power factor, while the variations in the Seebeck
coefficient play a less relevant role. Moreover, the stronger
temperature dependence of PF in the electron-doped case
again reflects the delocalized nature and band topology of
conduction states in Cs,;NaYbCls.

To complete our analysis of the effect of doping on elec-
tronic transport, we report in Fig. 5 the electronic contribution
to the thermal conductivity «.. Even at the highest dopant
concentrations considered, k, remains well below both the
experimentally measured total thermal conductivity and our
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FIG. 3. Seebeck coefficients S as a function of carrier number density . in the case of n- (left) and p- (right) doping. Blue, green, and red
points indicate the three different temperatures investigated (300, 500, and 800 K, respectively).

previously reported theoretical estimates for the pristine sys-
tem (~0.51Wm~'K~' [31,32]). This confirms that, likely
because of the wide band gap of Cs;NaYbClg (5.3 eV), the
electronic contribution is negligible compared to the lattice
thermal conductivity.

As expected, we note a distinct behavior of «, with
temperature 7, decreasing monotonically with 7 for both
electrons and holes. This trend is a direct consequence of
the reduction in t,, driven by the enhanced rate of intrinsic
electron—phonon scattering. In fact, if the relaxation were
temperature-independent, k, would be expected to increase
monotonically with temperature owing to the larger number
of thermally activated carriers.

To assess the full impact of these contributions on the total
thermal conductivity; however, it is necessary to evaluate the
lattice component «1. as a function of impurity concentration,
a task we address in the following subsection.

B. Impact of dopants on lattice thermal conductivity

To complete our analysis of the doping strategies affecting
the thermoelectric performance of Cs,NaYbClg, we now turn

10

a 107 .
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500 K
10 ¢ 800 K —e— 1
105 1016 1077 1018 1019

ne (cm®)

to the impact of defects on the lattice thermal conductiv-
ity, focusing specifically on phonon—impurity scattering. As
outlined in Sec. II B, the model developed by Tamura [33]
provides a convenient framework for estimating the phonon—
impurity lifetime in the presence of substitutional disorder.
Within this approach, scattering rates are governed by the
isofactor I [see Eq. (8)], which, using the mass variance on
each sublattice site, dictates the lifetime magnitude.
However, given that Tamura’s theory assumes minimal
lattice distortion, we restricted our analysis to substitutional
dopants that preserve the host crystal structure. Based on
comparisons of ionic radii, we identified barium, zirconium,
and cesium as suitable candidates when substituted at the
sites listed in Table I, enabling p-type (Ba) and n-type (Zr,
Cs) doping, respectively. The corresponding isofactors, com-
puted for a nominal dopant concentration of ., = 10'* cm~3,
are also reported in the final column of Table I. While a
comprehensive thermodynamical evaluation of defect energy
formation is still missing, a recent work [66] showed that in
the case of vacancies even higher concentrations have reason-
able formation energies (always less than 0.5 eV) if n. does

104 . — . ;
p-doping
105 |
Q-
X
Y-_E 10-6 L
=
L
a 107 .
300 K —e—
500 K
108 800 K —— -
10 1016 1017 1018 1019

ne (cm®)

FIG. 4. Power factor PF = 0S? as a function of carrier number density 7. in the case of n- (left) and p-type (right) doping. Blue, green,
and red points indicate the three different temperatures investigated (300, 500, and 800 K, respectively).
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FIG. 5. Electronic contribution to thermal conductivity k, as a function of carrier number density 7, in the case of n- (left) and p-type
(right) doping. Blue, green, and red points indicate the three different temperatures investigated (300, 500, and 800 K, respectively).

not exceed 10?! cm ™3, thus providing a reason of plausibility
for our guess. Also, it is reported in literature that inclusion of
atoms, as terbium and similar atomic species, is experimen-
tally feasible [48—50,67], strongly supporting our hypothesis.

To treat defects that lie beyond the validity of Tamura
formalism (such as interstitials and vacancies) we employed
the extended approach proposed in Ref. [34], as outlined in
Sec. IIC. This method allows the effect of these defects to
be incorporated within a modified version of the isofactor, by
redefining the mass perturbation using a virial-theorem-based
argument. In this approximation, the net impact of an intersti-
tial or vacancy is represented as an effective mass modification
on the host site, thus preserving the harmonic treatment of the
lattice dynamics.

It is important to remark that this approximation is very
useful to keep the resulting computational workload lower,
as a direct ab initio evaluation of the impact of defects
at realistic concentrations is prohibitively expensive. Even
in heavily doped regimes (as with one defect per ~10*
host atoms) modeling such concentrations would require ex-
tremely large supercells, making standard lattice dynamics
approaches almost impossible. Additionally, the lack of trans-
lational symmetry in defective systems does not allow to
exploit symmetry operations to reduce the number of dis-
placement configurations needed for force constant extraction.
The limitation of the model, however, is because of the
assumption that defects have not altered phonon spectrum

TABLE 1. Mass parameters for substitutional dopants in
Cs,NaYbClg at a concentration of 10'° cm™3. The dopant replaces
the host atom at the specified site. The average mass m (expressed
in atomic mass units u) at the site includes the contribution of the
dopant, and I" is the resulting isofactor.

compared to the pristine case, which, however, is reasonable
in the dilute case.

Accordingly, in the remainder of our analysis, we retain a
dopant concentration of n, = 10" cm™3, a regime where the
phonon eigenfrequencies and intrinsic lifetimes are expected
to remain largely unperturbed by atomic insertion or removal.
For the interstitials, we focused on dopants inducing either p-
type or n-type doping, consistent with the two charge transport
regimes presented in Sec. III A. As dopant chemical species
we select atoms on the base of their ability to occupy intersti-
tial sites without introducing substantial lattice deformation.
To achieve this, after pristine structure structural relaxation,
we identified the cavity formed between neighboring octahe-
dra, centered on Cs atoms, as the most favorable interstitial
site. This void features an effective radius of ~3.8 A, large
enough to accommodate small cations (e.g., Na, K) and anions
(e.g., Cl), which serve as proxies for hole and electron doping,
respectively. In our calculations, and in the spirit of Ref. [34],
the corresponding effective defect mass were assigned to Cs
sites.

For vacancy defects, we considered the absence of each
of the four atomic species in the host lattice and computed
their individual contributions to phonon—impurity scattering.
The resulting isofactors for both interstitials and vacancies are
listed in Tables II and III, respectively.

Starting with the analysis of interstitial defects, Fig. 6
presents the phonon—impurity scattering lifetimes at 7 =
300K for three representative interstitial types (in red, blue,

TABLE 1II. Mass parameters for interstitial dopants in
Cs,NaYbClg at a concentration of 10 cm™>. The interstitial
is added to the host atom at the specified site. The effective mass
mger (expressed in atomic mass units u) is calculated using the virial
correction, and I" is the resulting isofactor.

Dopant (Subst.) Site m (u) Isofactor I Dopant (Interst.) Site Mger (1) Isofactor I
Ba Cs 132.906 3.48 x 1077 Na Cs 158.83 5.97 x 107?
Zr Yb 173.028 7.03 x 1073 K Cs 174.94 1.56 x 107*
Ca Yb 173.012 1.86 x 107* Cl Cs 171.29 1.31 x 107*

015403-9



CAPPAI MELIS, AND COLOMBO

PHYSICAL REVIEW MATERIALS 10, 015403 (2026)

TABLE III. Mass parameters for vacancies in Cs,NaYbClg at a 108 : : i :
concentration of 10" cm™3. The effective mass mq; (expressed in pristine  ©
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and green), and are compared with the intrinsic phonon—
phonon scattering lifetimes (in black) previously reported
in Ref. [31]. Figure 6 clearly shows that all interstitial
types yield comparable results. In each case, the phonon—
impurity lifetimes remain significantly longer than their
intrinsic phonon—phonon counterparts. As a consequence of
Matthiessen rule, the total phonon scattering rate is thus
dominated by the intrinsic phonon-phonon contribution, with
impurity scattering playing a negligible role under these con-
ditions. This result suggests that intrinsic anharmonicity is
already sufficiently strong to bring the system close to its
minimal attainable phonon lifetimes. This trend is further
confirmed in Fig. 7, where we plot the total phonon life-
times obtained by combining intrinsic and impurity-induced
scattering.

The negligible impact of interstitials is also reflected in the
calculated lattice thermal conductivity at 7 = 300 K, shown
in Fig. 8. Here, the pristine compound is compared against the
three representative interstitial cases.

No sizable change in «. is observed upon doping, confirm-
ing the minor role played by phonon—impurity scattering in
this material. Moreover, recalling that the electronic contri-
bution «, remains negligible throughout the studied doping
range, we conclude that the total thermal conductivity k =
k. + «L is entirely dominated by its lattice component ki,
under all relevant conditions.
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FIG. 6. Phonon lifetimes in pristine and doped Cs,NaYbClg at
T =300K. Black points correspond to intrinsic phonon—phonon
lifetimes, while colored points denote phonon—impurity lifetimes for
three representative interstitial cases.
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FIG. 7. Total phonon lifetimes in Cs;NaYbClg including both
intrinsic phonon—phonon and extrinsic phonon—impurity scattering
mechanisms.

Similar results were found for all substitutional defects
and for vacancies, with the only exception of Cl vacancies,
which result in a reduction of xi of about 16%, a rather
modest reduction. In reporting this result, we remark again
that the adopted phonon—impurity scattering model follows
the formalism originally developed by Tamura [33], which
treats mass-disorder perturbations in a harmonic crystal.

To finally comment these findings, we must underline that
Tamura model assumes elastic and isotropic scattering, which
may not fully capture mode-specific interactions, especially
when localized vibrational modes arise around heavy or light
defects [68]. Nevertheless, for the low concentrations consid-
ered here and the absence of strong structural distortions, the
approach remains appropriate, and we can overall conclude
that our results indicate that phonon—impurity scattering plays
a secondary role in limiting k. in Cs;NaYbClg, and that in-
trinsic anharmonicity is the dominant mechanism controlling
heat transport.

As final note, we can now evaluate the efficiency of
introducing ionized impurity as strategy for improving the
ZT figure of merit. In fact, we have shown that while PF
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FIG. 8. Lattice thermal conductivity . of Cs;NaYbClg at T =
300 K for pristine and interstitially doped cases.
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TABLE IV. Electron mobility x (in cm? V~!'s™!) as a function
of temperature and grain size. The pristine column reports values
limited by phonon scattering only.

TABLE V. Lattice thermal conductivity ki (in Wm™'K~') as a
function of temperature and grain size. The pristine column reports
values limited by phonon-phonon scattering only.

T (K) Pristine L = 100 nm L =50nm L =10nm T (K) Pristine L = 100 nm L =50nm L =10nm
300 7.76 11720 5860 1172 300 0.52 0.41 0.35 0.20
500 247 8835 4418 884 500 0.46 0.39 0.34 0.20
800 0.78 5741 2870 574 800 0.54 0.46 0.41 0.24

significantly increases, lattice thermal conductivity is almost
unaffected. We thus estimate that the highest value of ZT is
reached for 7 = 300 K in the n-doping regime at the highest
n. = 10" cm™3 ionized impurity concentration: using the PF
values calculated and adding the electronic contribution «, to
the lattice thermal conductivity «i, a value of ZT = 0.052 is
obtained, well above the intrinsic value of ~10~% previously
found for the pristine system [32].

C. Impact of grain boundary scattering on thermal
and carrier transport

We now turn to the role of grain boundary (GB) scat-
tering in determining the thermoelectric performance of
Cs;NaYbClg. Here, we explicitly evaluate its effects on both
carrier mobility and lattice thermal conductivity by consider-
ing representative grain sizes of 100 nm, 50 nm, and 10 nm.
These values encompass typical ranges found in experimen-
tal polycrystalline samples of halide perovskites and related
wide-gap materials [69,70].

In order to analyze the impact on carrier mobility, Ta-
ble IV reports the calculated electron mobility u as a function
of temperature and grain size. For reference, the intrinsic
(phonon-limited) mobility at 300 K is computed to be pupn =
7.76 cm®> V~!s~!, decreasing monotonically with tempera-
ture owing to enhanced electron-phonon scattering. When
considering grain boundary scattering alone, the computed
mobilities are found to be markedly higher than the intrinsic
values across the entire temperature range. For instance, at
300 K, the mobility limited solely by 100 nm grains exceeds
1 x 10* cm? V' s7!, reducing to 1.17 x 10° cm? V="' s~! for
grains of 10 nm. This behavior is consistent with a simple
kinetic picture in which mobility scales linearly with the mean
free path, and with grain boundaries imposing an effective
upper limit of L/2 on the latter. Given the approximate unit
cell size of ~40 Bohr (~2.1 nm), even the smallest grain
size considered here remains several times larger than the
characteristic phonon or carrier wavelengths, validating the
semiclassical treatment of GB scattering in the Boltzmann
framework.

Critically, when both phonon and GB scattering are
present, Matthiessen rule dictates that the total mobility is
dominated by the smaller of the two scattering rates. Since
Wpn is already limited to values below 1 cm?V~'s™! at el-
evated temperatures, while ugg remains orders of magnitude
higher even for 10 nm grains, we conclude that grain boundary
scattering plays a negligible role in further reducing mobility
in this material. This outcome reflects the inherently poor
carrier mobility of Cs;NaYbClg, which is already severely
limited by strong electron-phonon interactions in the pristine

structure. When the impact on lattice thermal conductivity is,
instead, analyzed, a striking difference emerges. In fact, grain
boundary scattering plays a more marked effect on phonon-
mediated heat transport, as shown in Table V. At room
temperature, the lattice thermal conductivity decreases from
its pristine value of 0.52 Wm™'K~! to 0.41 Wm~!'K~! and
0.35 Wm~!K~! for 100 nm and 50 nm grains, respectively.
For 10 nm grains, & is nearly halved to 0.20 Wm~!' K~
Similar reductions persist at elevated temperatures, though
the relative impact diminishes slightly as intrinsic phonon-
phonon scattering strengthens.

This behavior aligns with expectations for polycrystalline
systems in which boundary scattering imposes an upper
limit on the phonon mean free path, particularly for long-
wavelength acoustic modes that dominate thermal transport in
this material [38]. The observed «, values remain within the
typical range reported for halide perovskites with comparable
microstructural features, as for example the values calculated
by Pandey et al. [71].

By combining the two evidences, our analysis reveals that
grain boundary scattering has a negligible impact on carrier
mobility in Cs;NaYbClg, given the already low intrinsic mo-
bilities dictated by electron-phonon interactions. Conversely,
its effect on lattice thermal conductivity is more significant,
particularly for nanoscale grains, though even in the most
extreme case of 10 nm grains the reduction does not exceed
60% compared to the pristine crystal. This outcome suggests
that strategies aimed at reducing «, via nanostructuring would
yield diminishing returns for this class of materials, especially
considering the already low thermal conductivities inherent to
the class of perovskites [71,72].

In the case in which only nanostructuration strategy is ap-
plied to improve ZT', we thus found that the highest attainable
values of ZT is obtained in the case of electron mediated
transport (assuming the intrinsic carrier density n, for pristine
system [32]) and a grain boundary size of 10 nm. Since o, S,
and «, are unaffected while « is reduced to one half of its
pristine value, ZT ~ 3 x 1073, still significantly low because
of the scarcity of carriers (ultimately caused by the high band
gap value).

D. Chemical doping and nanostructuration combined
impact on ZT

To conclude our analysis of strategies aimed at enhancing
the thermoelectric figure of merit Z7T in Cs,NaYbClg, we
summarize the key findings obtained from the separate evalu-
ation of chemical doping and nanostructuring effects.

Across all cases investigated, we confirm that one of
the principal results established for the pristine system
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remains valid [31,32]: Electron-mediated transport exhibits
consistently higher mobility than hole-mediated transport.
Consequently, n-type doping emerges as the most promising
strategy to improve the material’s thermoelectric perfor-
mance. Under optimal doping conditions (specifically, a
carrier concentration of n, = 10" cm~ and temperature T =
300 K) the power factor reaches its maximum value, while
the lattice thermal conductivity remains essentially unaffected
by the introduction of interstitial defects. Furthermore, the
electronic contribution to the thermal conductivity «, remains
negligible, on the order of ~ 0.05 Wm~! K~

Building on this optimized doping configuration, we ex-
amined the additional effect of nanostructuring by imposing a
grain size of 10 nm. Our results indicate that the electronic
transport properties (i.e., the power factor and «.) remain
essentially unchanged under this condition. However, the lat-
tice thermal conductivity «; is significantly reduced, dropping
from approximately 0.52 Wm™ 'K~ t0 02 Wm™'K ! as a
direct consequence of enhanced phonon boundary scattering.

By combining these effects, we estimate the highest
achievable figure of merit ZT for Cs;NaYbClg to be ap-
proximately 0.12 under simultaneous n-type doping (n, =
10" cm™3) and nanostructuring (grain size of 10 nm). This
value represents an improvement of several orders of magni-
tude compared to the pristine system, where Z7T was found to
be on the order of 10~%. We emphasize, however, that while
both strategies contribute to this enhancement, doping plays
the predominant role. The reduction in «; from nanostruc-
turing alone would not suffice to produce such a significant
increase in Z7T without the concurrent rise in electrical con-
ductivity afforded by doping.

These findings support the hypothesis previously advanced
in Ref. [32], namely that the poor thermoelectric perfor-
mance of pristine Cs;NaYbClg stems primarily from its large
band gap and the resulting scarcity of intrinsic carriers.
Once this limitation is addressed through carrier injection,
the material’s performance can be substantially improved.
Although the absolute value of ZT =~ 0.12 remains modest,
the methodology demonstrated here could be effectively ap-
plied to more promising candidates, where starting from a
higher intrinsic ZT could lead to competitive thermoelectric
materials.

IV. CONCLUSIONS

This work provides a comprehensive, first-principles as-
sessment of thermoelectric transport in the double halide
perovskite Cs;NaYbClg, a wide-band-gap, lead-free material
of growing interest for energy applications. We systematically
explored the effects of chemical doping and nanostructuring,
two key extrinsic strategies widely employed to optimize
thermoelectric performance, in the context of a material
whose intrinsic properties are far from optimal. Our goal
was twofold: First, to evaluate whether these strategies
can meaningfully enhance the figure of merit ZT'; second,
to clarify the microscopic mechanisms by which they af-
fect the sensible balance between electrical and thermal
transport.

Our analysis, grounded in fully ab initio methods and
employing the Boltzmann transport formalism, incorporates

all relevant scattering mechanisms affecting charge carriers
and phonons. Specifically, we account for intrinsic interac-
tions such as electron—phonon and phonon—phonon scattering,
as well as extrinsic processes including Coulomb scattering
from charged dopants, phonon—impurity scattering, and grain
boundary effects. This allows us to provide a predictive,
material-specific picture of transport in doped and nanostruc-
tured Cs,NaYbClg.

Our first key finding concerns the role of chemical dop-
ing. While the pristine compound suffers from extremely
low electrical conductivity because of its large band gap and
low intrinsic carrier density, we demonstrate that extrinsic
doping (both n- and p-type) can substantially increase the
number of free carriers. Interestingly, we find that Coulomb
scattering induced by ionized impurities is strongly screened,
owing to a relatively high static dielectric constant (¢, = 9.3),
and is thus negligible compared to intrinsic electron-phonon
interactions across a broad range of dopant concentrations
(10"-10'" cm™3). This insight is crucial since it implies that
doping enhances electrical conductivity without introducing
significant mobility degradation, thereby enabling a net im-
provement in the power factor PF.

We also found that the monotonic reduction in the See-
beck coefficient, because of the Fermi level shifting closer
to the band edges, for increasing doping levels still assures a
sizable increase in the power factor, especially in the n-type
regime, where electron mobilities are higher owing to the
lighter effective mass. Moreover, we verified that the elec-
tronic contribution to thermal conductivity «, remains small
even at high doping levels, a feature beneficial for achieving
high ZT values.

The second issue of our investigation focused on nanos-
tructuring, which we modeled via grain boundary scattering,
assuming grain sizes ranging from 100 nm to 10 nm. Here,
our findings reveal a contrasting effect. While grain bound-
aries have negligible influence on carrier mobility (again
because of the dominant role of electron—phonon scattering)
they do significantly affect phonon transport. In particular,
grain boundary scattering effectively limits the mean free path
of long-wavelength acoustic phonons, which are the main
contributors to lattice thermal conductivity ki, in halide per-
ovskites. As a result, k. is reduced by up to 60% in the most
extreme nanostructured case (10 nm grains), falling from 0.52
Wm™' K™ !t00.2 Wm™! K~ at room temperature.

Interestingly, phonon—impurity scattering, treated via the
Tamura—Snyder formalism, was found to play a minimal role.
Even at relatively high dopant concentrations, mass-disorder
effects introduced by interstitial or vacancy-type defects do
not meaningfully impact phonon lifetimes compared to the
dominant intrinsic phonon—phonon interactions. This obser-
vation further underscores the importance of grain boundary
scattering as the principal extrinsic mechanism for
reduction.

By combining these effects, we estimate the highest
achievable figure of merit ZT for Cs;NaYbClg to be approxi-
mately 0.12 under simultaneous n-type doping (carrier density
of 10" c¢cm™3) and nanostructuring (grain size of 10 nm).
This value represents an improvement of several orders of
magnitude compared to the pristine system, where Z7T was
found to be on the order of 1078, We emphasize, however,
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that while both strategies contribute to this enhancement,
doping plays the predominant role. The reduction in «, from
nanostructuring alone would not suffice to produce such a sig-
nificant increase in Z7 without the concurrent rise in electrical
conductivity afforded by doping.

These conclusions support the hypothesis previously ad-
vanced in Ref. [32], namely that the poor thermoelectric
performance of the pristine material stems primarily from
its large band gap and the resulting scarcity of intrinsic
carriers. Once this limitation is addressed through carrier
injection, the material performance can be substantially
improved. Even if the predicted figure of merit, ZT =~
0.12 at 800 K, for Cs;NaYbClg is not large compared
to state-of-the-art classical thermoelectrics but comparable
to values reported for related halide perovskites. Mature
thermoelectric systems such as Bi,Tes-based alloys, skut-
terudites (CoSbs), and half-Heusler compounds can exhibit
ZT =~ 1—1.5 at similar temperatures under optimized dop-
ing and nanostructuring conditions [13,73,74]. By contrast,
recent experiments and first-principles calculations on lead-
free halide perovskites (including Cs, AgBiBrg, Cs, AgInClg,
and the vacancy-ordered Cs,Snls) report ZT values between
0.05 and 0.2 in the range 700-900 K [75-80]. Our result
therefore places Cs,NaYbClg among the most promising
members of the halide-perovskite family from a thermoelec-
tric perspective, especially considering its ultralow lattice
thermal conductivity and the potential for further improve-
ment through controlled doping and nanostructuring, as
demonstrated experimentally in related systems. Also, we

remark that although the absolute value of ZT ~ 0.12 remains
modest, the methodology demonstrated here could be effec-
tively applied to more promising candidates, where starting
from a higher intrinsic ZT could lead to competitive thermo-
electric materials.

Future work could extend this methodology to a
broader class of halide perovskites and related wide-
band-gap compounds, identifying optimal candidates where
the favorable features of Cs;NaYbClg, such as low &,
are combined with intrinsically better electronic transport
properties.
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