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Thermoelectric materials require precise doping to adjust the Fermi level in order to fully realize their
thermoelectric potential. The effective mass (EM) model is commonly used to predict the maximum
thermoelectric figure-of-merit (zT) and optimal carrier concentration, but its application is limited by the
need for numerical Fermi integral solutions and Hall effect measurements. Since the thermopower
(magnitude of the Seebeck coefficient, |S|) is effectively a measure of the Fermi level, it can be used as a
direct descriptor of doping level in heavily doped semiconductors such as good thermoelectric
materials. Here, we present a simple method to analyze thermoelectric transport using only the typical
thermoelectric measurements: Seebeck coefficient, electrical conductivity and thermal conductivity.
This enables evaluation of weighted mobility, quality factor (B), theoretical maximum zT, optimal
thermopower, identification of anomalous scattering behavior; as well as a full prediction of zT, as a
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Broader context

Recent global energy analyses indicate that nearly 70% of all primary energy input is ultimately lost as waste heat during conversion and use, highlighting the
urgent need for more efficient energy-conversion technologies. Thermoelectric materials can directly convert heat into electricity, offering a solid-state route to
recover this wasted energy. However, optimizing their performance has long been hindered by the need for complex Fermi-integral calculations and Hall-effect
carrier concentration measurements. These technical barriers have limited accurate thermoelectric analysis to a small fraction of the research community, even
though thousands of studies each year report basic transport data such as Seebeck coefficient, electrical conductivity, and thermal conductivity. In this work, we
reformulate the long-standing effective mass model into a simple and universal framework that allows any researcher to predict the maximum achievable
figure-of-merit (27) and its optimal carrier concentration directly from routine measurements, without numerical Fermi-integral analysis or Hall data. By
transforming a specialized theoretical model into an experimentally accessible tool, this approach democratizes thermoelectric evaluation and accelerates the
discovery of high-efficiency materials for waste-heat recovery and solid-state cooling, contributing to global efforts to enhance energy efficiency and achieve
carbon-neutral technologies.
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disorder and dislocation-induced strain.’” These developments
have expanded thermoelectric applications beyond refrigeration
and waste heat recovery into emerging areas such as stretchable,
body-heat-powered biosensors,'® heat-triggered drug release
and neuromodulation,’* cryogenic quantum cooling using
quantum dots,"” and data center heat harvesting via hybrid
thermoelectric systems.'® As thermoelectrics become increas-
ingly integrated into electronics, energy, and biomedical tech-
nologies, broadly applicable tools are needed to facilitate rapid
analysis and optimization across both experimental and theo-
retical research fronts.

Most good thermoelectric materials behave as heavily doped
semiconductors,”*™*® allowing semiempirical models from
semiconductor physics to be used to explain, understand and
then predict their thermoelectric performance. Despite the
variety and complexity of thermoelectric materials, including
both n-type and p-type compositions across structurally distinct
classes such as rocksalt compounds (PbTe, SnTe), Zintl phases
(Mg3Sb,), layered chalcogenides (Bi,Te;, BiCuSeO), skutteru-
dites (CoSbs), clathrates (BagGa;6Geso), half-Heuslers (FeNbSb),
and complex silver chalcogenides (AgsSnSes), the effective mass
(EM) model provides a consistent and predictive description of
their electronic behavior. The model is also applicable to
nanostructured materials,'” to first-principles transport calcu-
lations using Boltzmann transport theory,'® and to data-driven
screening of new thermoelectric candidates using descriptors
from materials databases, without requiring prior experimental
characterization.” This demonstrates its utility as a unified
approach for thermoelectric analysis. These results position
the EM model as a unifying approach capable of capturing
the essential physics of diverse and complex thermoelectric
materials.

Although the model provides a simplified perspective, ther-
moelectric performance itself arises from a complex interplay
among key transport properties. The complexity is due to the
intricate interplay between the Seebeck coefficient (S), electrical
conductivity (o), and thermal conductivity (i) that govern the
thermoelectric figure-of-merit (27), as shown in eqn (1):

S2a
zT = TT (1)

Achieving a high zT, reflecting superior thermoelectric per-
formance, is not simply a matter of increasing S or even power
factor (S°¢), as these parameters are intrinsically coupled. In
typical thermoelectric materials, not only do S and ¢ exhibit
opposing trends with increasing carrier concentration, but x
includes an electronic contribution (x.) that varies with carrier
concentration, in addition to the lattice component () arising
from phonon transport. The electronic trade-off for all three
properties limits zT to a maximum at an optimal doping level
(Fig. 1).

For effective optimization, one should use three largely
independent variables instead of the interdependent S, o, and
x which are achieved through the use of the weighted mobility,
lattice thermal conductivity and a variable that quantifies the
doping level. The weighted mobility, i, represents the quality
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Fig. 1 Thermoelectric figure-of-merit (zT) change with carrier concen-
tration tuning inferred from thermopower (|S|). (a) Plot of zT as a function
of |S], calculated using egn (7). Changes in charge carrier concentration
induced by doping are reflected in the corresponding |S| values. The
thermoelectric quality factor (B) determines the theoretical maximum zT
(zTmax) achievable through carrier concentration optimization, with the
optimal |S| values to achieve zT . indicated by orange circles. The |S|
corresponding to the maximum power factor (167 pV K~ is also indicated.
(b) The zTmax values derived from different Bs in Fig. 1a are translated to a
ZTmax as a function of B relationship using egn (S13).

of the electronic properties of a thermoelectric material system
and the lattice thermal conductivity, x;, represents the quality of
the thermal properties. These two are combined into the
thermoelectric quality factor, B, which determines the max-
imum 27, a material can achieve if optimally doped.

T >”(W>

O )

The B equation (eqn (2)) is written such that the material
targets for high performance become evident, with zT greater
than 1 (B > 0.4) at room temperature typically requiring u,, of
about 500 cm?® V' s ! and «; less than 1 Wm ' K %

Traditionally, carrier concentration () has been used as the
third, largely independent variable to quantify doping. This
stems from the original derivation of B based on ideal semi-
conductor assumptions, specifically the Single Parabolic Band
model with acoustic phonon scattering (SPB-APS),>>*! which
later evolved into the EM model for broader applicability.*” It is
important not to conflate the effective mass used in the EM
model with a strict definition from solid-state physics, such as
the band curvature mass. Instead, it should be regarded as an
effective parameter that fits measured or computed transport
properties. Determining this parameter consistently for both
degenerate and non-degenerate semiconductors, typically
requires numerical solutions of Fermi integrals, which makes
the EM model computationally intensive. The use of n, more-
over, requires an additional measurement, typically Hall effect,
which is often difficult or inaccurate in complex thermoelectric
materials with low mobility.”>>*

This work introduces a simplified yet robust model that
does not require additional measurements or complicated
calculations. It is based on the observation that the thermo-
power, the magnitude of the Seebeck coefficient |S|, is a reliable
descriptor for n in thermoelectric materials and, like n, is
largely insensitive to microstructure variations. Just as x. and
Uw can be calculated easily from thermoelectric measurements

B= 0.674(

This journal is © The Royal Society of Chemistry 2026
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of S and g, we reformulate the zT equation as a function of |S|
alone (Fig. 1), with B (~pu,/xy) as the only required material
parameter.”>® By preserving the essential physics of thermo-
electric transport while eliminating the need for specialized
measurements and complex calculations, our model enables
rapid material screening and optimization. The approach pro-
vides clear design principles for advancing thermoelectric
materials, making the field accessible to researchers across
disciplines, both experimental and computational.

The EM model, based in semiconductor physics, explains
the intrinsic trade-offs among S, ¢ and . that fundamentally
constrains zT. These transport parameters change with doping,
which alters n. Although the Hall effect is typically used to
characterize n, alternative descriptors can also capture doping
effects. In particular, S and ¢ are especially sensitive to doping
and can serve as practical proxies for n. When mobility (u) is
constant, ¢ is an obvious descriptor for n because ¢ = neu
(where e is the electric charge). Indeed, plots of S vs. ¢ are

View Article Online
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Using the Wiedemann-Franz law, k. = LoT (where L is
Lorenz factor), both «. and «;, can be determined from thermo-
electric measurements of S, o, and «, using an L that depends
on |S|. This approach is valid when bipolar conduction is
negligible.?*3*

L(x107*WOQK %) = 1.5 +exp<f (4)

S|
[16pVK !
with L estimated from eqn (4), the xy, can then be obtained from
eqn (3) (k. = k - LoT).

Weighted mobility

Weighted mobility uy, a crucial parameter in understanding
electronic transport, can be accurately determined from S and
c measurements alone, eliminating the need for n data. This
approach, expressed in eqn (5), is particularly valuable when
only temperature-dependent S and ¢ data are available (where
kg represents the Boltzmann constant).>®

-3/2
iy, = 331 cm? V! s’l< g ) T /
W mQ-ecm-1/ \300 K 1

helpful for optimizing thermoelectrics and identifying trans-
port mechanisms®”*® when pu is a constant or changes
systematically.”>*° However, the u can change dramatically,
for example with changing grain size when grain boundary
scattering is significant.”® Because the |S|, like the Hall
coefficient is less affected by microstructure, |S| is a better
indicator of doping than ¢ for polycrystalline materials. |S| is
primarily determined by the Fermi level relative to the band
edge, which is the same energy that determines how deep (in
energy) the electrons have filled the bands and so also deter-
mines the number of free electrons n. The influence of scatter-
ing on S is relatively small and can be absorbed into the
effective mass parameter.'**"*> This enables the Fermi level-
dependent equations of the EM model,*” such as ., ¢, and zT
to be effectively re-expressed as a function of |S| in degenerate
semiconductors.

exp [le/le - 2} N % k|;f/|e .
ree[ (e t)] ey

This method allows for facile determination of p, across
a wide temperature range and remains accurate for |S| >
20 uV K. Although originating from a free-electron treatment
(parabolic band), it is employed here as an effective transport
descriptor and remains applicable in systems with multi-band
transport (Fig. $3).>® For example, probing how u, vs. T, varies
across samples, helps to determine whether differences arise
purely from doping (u, remaining constant), or reflect more
substantial underlying mechanisms. Within this formulation,
Uy captures nanostructure-induced changes in carrier trans-
port, as variations in grain boundary scattering or interfacial
effects manifest directly as shifts in u,, which thus integrates
both electronic structure and microstructural contributions
(see the SI).

Eqn (5) can be rearranged to examine how ¢ and therefore zT
would change by improving u,,.

eXP{ 5] } L h

il H — /2

_ 1 - My kg/e n? k/e Ty’

c=3.02Q cm (sz V1 s*1> |4 expl—s |S| B + 1+ expl5 |S| _ 300K ©
p /CB/E’ p kB/E

Discussion
Electronic and lattice components to the thermal conductivity

|S| has been successfully used to estimate the electronic con-
tribution to thermal conductivity (k.) under the usual assump-
tion that

K= Ke T Ky,

(3)

This journal is © The Royal Society of Chemistry 2026

Figure of merit

With this arrangement, now both ¢ (eqn (6)) and «. (eqn (3) and
(4)) are expressed in terms of thermopower, so zT can be written
as a function of thermopower.
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Eqn (7) is most reliable when diffusion thermopower dom-
inates and bipolar effects remain limited.*® In narrow band gap
materials at elevated temperatures, the calculated z7 should be
regarded as an approximate descriptor. Further discussion is
provided in the SI.

Then the only remaining material parameter in the zT equa-
tion is the thermoelectric quality factor B (~ /i, in eqn (2)),
alongside thermopower, which again describes the doping level.

Thermoelectric quality factor

As the B increases, the corresponding maximum 27 (2Tax) also
increases, reflecting the intrinsic quality of the material. Fig. 1a
shows full 2T curves as a function of thermopower (|S|) for
various B values (eqn (7)), with the peak zT for each curve
indicated by orange circles. This provides practical guidance for
optimizing doping in materials with a known B. For example, a
material with B = 0.4, which corresponds to a theoretical 27«
of 1.0, may only exhibit a z7 of 0.8 at |S| = 200 pV K", Fig. 1a
suggests that reducing the doping to increase |S| to approxi-
mately 240 pvV K ' would enable the material to reach its
theoretical zTy,,x, Without requiring direct measurements of n.

Fig. 1b presents a direct correlation between B and the zTy,ax,
constructed by mapping the peak points (orange circles) from
Fig. 1a into a B-2Tay curve (Fig. 1b and Fig. S2). This relation-
ship establishes clear performance targets. If a material’s B falls
below the threshold required for a target zT (e.g. B of 0.4 to
achieve zTyax of 1.0), tuning the n alone will be insufficient. In
such cases, alternative engineering strategies are required to
enhance the B itself.

Effective mass

The namesake of the effective mass model is the effective mass,
m*, which is meant to be a material constant representing the
density-of-states effective mass. In an ideal, parabolic, isotro-
pic, single band system with acoustic phonon scattering, the
various physics definitions of density-of-states effective mass
will give the same value and remain constant with doping and
temperature.’”*® In contrast, the effective mass in real materi-
als will vary with doping, temperature, and alloying, reflecting
changes in band structure or dominant scattering mechanisms.
Historically, in the EM model m* is found using the Hall effect
and thermopower where Ry is the Hall coefficient (m, is the
electron rest mass).>*

Knowledge of m*, and therefore the Hall-effect measure-
ment is only needed to help distinguish electronic structure
from scattering effects on electron transport. The analysis of
thermoelectric data, including predicting and optimizing z7,
does not require explicit knowledge of m* and therefore does
not require Hall effect measurements.

Example data analysis using EM model

Standard thermoelectric measurements of S, ¢, and usually «,
can be easily used not only to analyze prospective zT, but also to
gain insight into electronic structure, charge transport, and
phonon behavior including an analysis of u,, and x.>**°

From the thermopower alone, one can assess whether a mate-
rial would benefit from an increased or reduced doping. A high |S|
(>300 pv K ) is not an indicator of a good thermoelectric
material, but instead points to underdoping (Fig. 1a), whereas a
low |S] (<200 pV K ') suggests that a reduced doping level to
increase |S| would be beneficial. Because the power factor peaks at
~167 pv K irrespective of the material,®® power factor-based
optimization typically favors overdoped compositions (Fig. 2), lead-
ing to 2T values up to ~25% below the theoretical 2T}, (Fig. 1a,
for B ~0.4) due to the neglected . contribution. Even when power
output is the primary objective rather than efficiency a thermo-
electric device should maximize device ZT related to zTax.” "0

The temperature dependence of |S| provides key insight into
whether the material is behaving as a metal, semiconductor, or
insulator. |S| proportional to T (measured in K) is characteristic
of a metal or degenerate semiconductor, and indicates the
parameters from the EM model are likely to represent intended
materials properties (m*, uy, and k). At temperatures below
100 K the EM model parameters can be difficult to interpret due
to physical effects such as phonon-drag thermopower, electron
localization, or related phenomena.>*®°

Whereas |S| decreasing with T indicates the onset of bipolar
conduction involving both electrons and holes like an insulator
or non-degenerate (intrinsic) semiconductor. If temperature-
dependent |S| exhibits a maximum, the peak value (|S|mya.x) and
the temperature at which it occurs (Tma) can be used to
estimate the thermal band gap as E, = 2|S|maxTmax- Care must
be taken when predicting z7T at temperatures above Tiay, since
a B estimated in the presence of bipolar conduction will be
underestimated due to its influence on S and the additional
bipolar contribution included in r.*"%

-1

. 3(exp[ S o] —o17)" 1SL
e [ O

oo
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(a)

zT

0 100 200 300
Thermopower, |S| (WV K1)

Fig. 2 Thermopower optimization for the best thermoelectric perfor-
mance. Thermopower (|S])-dependent (a) figure-of-merit (zT) and (b)
power factor (5%s) for n-type Bi;Tes at 300 K. While |S| ~167 pV K™t is
the optimum value for the power factor across all materials, for zT this S|
corresponds to an overdoped composition.*~>°

400

Power Factor, S%0
(MW:-m-1-K-2)

With just S and o, the u, can be readily evaluated using
eqn (5). Its magnitude alone provides a first-order estimate of a
material’s suitability for thermoelectric applications. Eqn (2)
indicates that a ,, of approximately 600 cm® V™" s~ is required
to achieve B ~ 0.4, corresponding to zTy,.x ~ 1 at 300 K in a
material with k;, ~ 1 Wm 'K

Since u, can be directly calculated from experimental quan-
tities, it can be presented as a better indicator of electronic
performance than power factor, though caution should be taken
against interpreting it as a single-band mobility.

The temperature dependence of y, is a sensitive probe of the
dominant carrier scattering mechanism. A decrease in p,, with
increasing T indicates that thermal vibrations (phonons) dom-
inate carrier scattering (eqn (5)). In both degenerate (metal-like)
and non-degenerate semiconductors, y,, typically follows a T2
trend, whereas in metals ¢ scales as T~ '.7°

The variation of |S| and ¢ across multiple samples can be
analyzed through the pu,, to determine whether differences arise
solely from doping or defects, or from more fundamental
changes in transport. At a fixed temperature, u,, can be treated
as a fitting parameter and |S| as the independent variable in
eqn (5) to fit multiple data points. If the variation in u,, is within
~20%, greater relative differences in S and ¢ are likely due to
variation in doping or defect levels.

For example, (Biy 25Sby 75),Tes samples in Fig. 3a doped with
excess Te all exhibit similar j, (~670 cm® V" s~ '). However,
Uy of (Big,5Sbg75).Tes is over 50% higher than that of Bi,Tes.
This increase reflects band convergence at the 25% Bi,Te;-75%
Sb,Te; composition, which enhances the density-of-states effec-
tive mass (mj). This m} enhancement, in turn, drives the
observed pu, increase, since pu, is mobility-weighted by the
density of electronic states and follows p,, oc u(mj/ me)S/ %,

Large deviations in u, often indicate changes in carrier
scattering, such as additional grain boundary scattering, which

can frequently be identified from its temperature dependence

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Changes in electronic structure and carrier scattering revealed
through weighted mobility (uy). (@) uw of (Big25Sbo7s)2Tes and BiTes
estimated using egn (6). Band convergence in (Big 25Sbg 75)2Tes is reflected
as an increase in pu, relative to BiyTes.%*7"2 (b) Grain boundary scattering
associated with grain size is observed in Mgs(Sb,Bi),.”*”* Segregation of Nb
to grain boundaries reduces potential barrier and enhances u,,.”*

(Fig. 3b). An increase in p, with T indicates non-phonon
scattering (Mg;(Sb,Bi), sample with ~1 pm grain size), primar-
ily from electrical resistance at grain boundaries. Because this
scattering diminishes as grain size increases from 1 pm to
30 um, it can be attributed to grain boundary rather than
ionized impurity scattering. Near room temperature, enlarging
the grain size of Mgs(Sb, Bi), from 1 um to 30 pm reduces the
number of grain boundaries encountered by carriers and
increases f,. In Nb-doped Mg;(Sb,Bi),, where Nb segregates
to grain boundaries, y, is even higher than in the 30 pm sample
despite a grain size of only 10 pm, owing to the suppression of
grain boundary potential barriers by Nb.

In systems deviating from ideal single-band or parabolic
behavior, p, should be interpreted as an effective transport
descriptor rather than a strict band parameter, and its primary
strength lies in comparative analysis.

This transport-level perspective can also be extended to
organic thermoelectrics, where transport is often influenced
by structural disorder. Although eqn (7) achieves its highest
quantitative reliability in band-like regimes, the weighted
mobility p, extracted from the S-¢ relationship remains infor-
mative for assessing the extent to which conduction is limited
by disorder.”®*°

Predicting zT,.x and determining the optimum |S| to
achieve it is a primary role of the EM model, and eqn (7) alone
can replace the full EM model for this purpose. Fig. 4 presents
both experimental and theoretical n-dependent zT, converted
into thermopower-dependent z7 using eqn (7). In 2011, Bottger
et al. reported a zT of 0.36 for Cu-doped ZnSb with n = 5 X
10" em™?, and predicted that increasing n to 2 x 10" em™?
would raise zT'to 0.45.”° A decade later, Sn doping in the Zn-rich
ZnSb phase space further increased 7z close to 2 x 10" em ™ and
achieved zT = 0.43, close to the 2011 prediction.”” In 2013, Day
et al. predicted that decreasing doping in Ag,Se could, in theory,
yield zT' ~ 1.1. Despite significant efforts to reduce doping, the
optimum |S| for achieving z7Ty,., has not yet been reached.”®*

By reformulating the EM model in terms of thermopower
and the thermoelectric quality factor, this work distils the
essential physics of thermoelectric optimization into a form
accessible from routine measurements. The approach enables

Energy Environ. Sci., 2026, 19, 3195-3202 | 3199
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Fig. 4 Promising thermoelectric material candidates. In 2011, EM model
analysis of Cu- or Sn-doped ZnSb predicted that tuning |S| to 200 pV K=*
would yield a zT of ~0.45.”® A decade later, increasing Sn doping within
the Zn-rich phase space achieved zT = 0.43 by optimizing S| through
defect control.”” In 2013, experiments combined with EM model analysis
predicted a zT of ~1.1, indicating that underdoping was needed to tune
|S].”8 Recently (~2023), |S| ~ 163 pV K~! was achieved, although further
underdoping is still required to reach the optimum value.”®~8

rapid, Hall effect-free determination of zT,,y, the optimum |S|,
and pu,, while diagnosing whether performance is limited by
doping, electronic structure, or scattering.

Applicable to degenerate and moderately non-degenerate
semiconductors in which |S| serves as a monotonic proxy for
the reduced Fermi level and diffusion thermopower governs
transport, the resulting z7 expression (eqn (7)) functions as an
effective transport descriptor, even when the material deviates
from single parabolic band behaviour. In systems with multi-
band contributions or band non-parabolicity, the extracted
quantities should therefore be interpreted as effective transport
parameters rather than strict band constants.

Applied to diverse systems, it captures band convergence,
grain boundary effects, and defect-driven mobility changes,
providing both mechanistic insight and quantitative perfor-
mance targets. This broadly applicable approach can guide
composition design, processing strategies, and practical imple-
mentation, accelerating the discovery and deployment of next-
generation thermoelectric materials.
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