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We systematically investigate the combined effect of chemical ordering and W substitution on the
thermoelectric properties of Fe,VggWq oAl thin films. Through controlled sputter deposition on MgO
(100) and AlL,O3 (1120) substrates at temperatures ranging from 350 °C to 950 °C, we achieve varying
degrees of crystalline and chemical order. Films deposited between 750 °C and 950 °C adopt the highly
ordered L2; phase, exhibiting a dramatic enhancement in Seebeck coefficient and substantial reduction
in thermal conductivity compared to isostructural Fe,VAL thin films without tungsten substitution. These
synergistic improvements, attributed to electronic structure modifications and enhanced phonon
scattering mechanisms, yield exceptional thermoelectric performance with maximum power factors of
730 4+ 70 pW m™* K~2 and figure of merit zT = 0.12 + 0.03 at room temperature, representing a more
than four-fold enhancement over undoped Fe,VAlL and demonstrating the potential for sustainable

rsc.li/materials-a energy harvesting applications.

Introduction

Thermoelectric materials are the ones capable of converting
thermal gradients into voltage differences. This characteristic
makes them candidates for increasing global energy efficiency
through waste-heat recovery. They also offer a solution for
powering Internet of Things (IoT) and wearable devices through
solid-state, noise-free means. The efficiency of a thermoelectric
device is evaluated through the dimensionless figure of merit
(zT), which is defined as zT = §*-¢- T/k, where S, 7, T, and, «, are
respectively the Seebeck coefficient, the electrical conductivity,
absolute temperature and the thermal conductivity of the
studied material. Therefore, highly efficient thermoelectric
materials must exhibit high Seebeck coefficient (S) and elec-
trical conductivity (o), which combine to form the power factor
(PF = $>-¢), while having low thermal conductivity (k).!
Current state-of-the-art thermoelectric materials include
bismuth telluride (Bi,Te3),>* lead telluride (PbTe),* and metal
selenides (Ag,Se,”*” SnSe®® and Cu,Se'”'") for specific temper-
ature windows. However, the practical implementation of these
materials faces significant challenges including elemental
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scarcity, high-cost, and environmental toxicity concerns, which
substantially limit their widespread technological deployment.

In recent years, half-Heusler (XYZ) and full-Heusler (X,YZ)
alloys have emerged as compelling alternatives, particularly
those based on earth-abundant elements,' where X and Y are
transition metals and Z is a p-block element. These materials
offer the dual advantages of environmental sustainability and
potentially lower manufacturing costs, while maintaining
competitive thermoelectric performance.

Structurally, full Heusler alloys consist of three inter-
penetrating cubic lattices in which, ideally, each element is
placed in a determined position. In this so-called L2, phase,
superperiodicities appear along the [100] and [111] directions.
However, the alloy can also present different degrees of chem-
ical disorder. In this way, when the Y and Z elements exchange
positions indistinctly, the superperiodicity along the [111]
directions disappear. The resulting structure is called B2.
Further, the alloy can present additional chemical disorder, the
so-called A2 phase, where the positions of the three elements of
the alloy exchange at random. In this case, the double period-
icity along the [100] directions also disappear. Literature
suggests'>'* simultaneous appearance of these phases such as,
e.g., a mostly B2 ordered material with a small degree of A2
disorder, or a mostly L2, ordered system with a fraction of B2
phase are also possible. These three feasible structures for the
specific material studied in this work are depicted in Fig. 1.
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Fig. 1 Left: the highest chemically ordered structure of Fe,VogWg Al obtained through magnetron sputtering at different deposition
temperatures, ranging from 350 °C on MgO and Al,O3z. Three main zones are distinguished: Tgep < 750 °C, where samples show B2 or A2
ordering. Between 750-950 °C (highlighted in yellow), where the L2, order is observed. Additionally, Tqep = 950 °C (highlighted in red), where
apart from L2; ordering, W crystallization is observed. Right: image of the two types of substrates mounted in the sputtering holder for
simultaneous deposition, along with a schematic of the different atoms ejected in the sputtering process off a Fe,Vo gWo oAl target.

Among all Heusler alloys, Fe,VAl-based full Heusler family
stands out as one of the most interesting for thermoelectric
applications. This narrow-gap alloy is constituted by non-toxic
and abundant materials, while also exhibiting high power
factors. In fact, the thermoelectric performance of this material
can be greatly enhanced by growing Fe,VAI thin films with the
L2, chemically ordered structure, which fundamentally alters
the electronic band structure and creates favorable conditions
for enhanced Seebeck coefficients and reduced thermal
conductivity, as we have shown in a previous work."

Strategic elemental substitution enables precise control over
carrier type and concentration, allowing optimization of ther-
moelectric properties. Environmentally benign dopants such as
Ti'® W18 Ta?*?! or Si*»** offer particular advantages due to
their non-toxicity and relative abundance. W is especially of
great interest, for thermal conductivity reduction, the incorpo-
ration of heavy elements introduces additional phonon scat-
tering centers, significantly suppressing the lattice thermal
conductivity and consequently enhancing the overall figure of
merit.****

Previous investigations have explored tungsten-doped
Fe,VAl systems with mixed results. For example, Machda
et al.V’ and Hinterleitner et al.*® studied W-doped thin films on
silicon substrates, achieving zT values ranging from 0.15 to
a remarkable value approaching 6. However, the interpretation
of these findings is complicated by substrate interactions.
Conversely, Mikami et al.*® studied bulk tungsten-substituted
materials, obtaining zT values in the 0.1-0.2 range. Despite
these efforts, a systematic investigation correlating the effects of
simultaneous chemical ordering and tungsten substitution in
epitaxial thin films remain limited. This represents a significant
knowledge gap in the understanding of the structure-property
relationships for these films.

This work systematically explores the relationship between
chemical ordering and tungsten substitution in Fe,V,gW, Al
thin films. We grew these films at various deposition tempera-
tures on both MgO (100) and Al,O; (1120) substrates to achieve
different crystallographic orientations, specifically (100) and
(110). This controlled approach allows us to disentangle the
individual effects of substrate-mediated growth, crystalline
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orientation, and chemical ordering on the material's properties.
By gaining a fundamental understanding of these mechanisms,
we can better explain the enhanced thermoelectric performance
measured in our tungsten-substituted Heusler alloy films.

Results and discussion

Fig. 1 illustrates the experimental setup showing dual-substrate
mounting configuration enabling simultaneous deposition on
both MgO (100) and Al,O; (1120) substrates on which the Fe,-
Vo.sWo.0Al is sputtered from a single stoichiometric target.
Systematic X-ray diffraction (XRD) analysis reveals distinct
degree of chemical order as a function of the deposition
temperature, with characteristic superstructure reflections
serving as phase identification markers. The complete set of
(XRD) measurements is shown in the SI.

For deposition temperature (Tqep) between 350 °C and 650 °C
(750 °C for Al,O;z substrates), the chemically disordered A2
phase is obtained. An intermediate B2 phase emerges for films
grown between 550 °C and 750 °C on MgO (100) substrates, as
evidenced by (2 0 0) diffraction peak appearance. The highly
ordered L2, structure develops for T4, between 650 °C (750 °C
for Al,O; substrates) and 900 °C, confirmed by the emergence of
characteristic (111) superstructure reflections.

At the highest deposition temperature Tqep = 950 °C, addi-
tional diffraction peaks corresponding to pure W phases appear
alongside the L2; reflections on both substrates, indicating
thermally-activated segregation of tungsten from the Heusler
lattice. This segregation phenomenon is independent of
substrate-induced strain effects and represents the upper
temperature limit for the formation of L2, single-phase
Fe,Vo.sWo oAl

Room temperature thermoelectric properties of all films as
a function of deposition temperature are shown in Fig. 2, with
background coloring distinguishing different phase regions:
white (A2-B2 phases), yellow (pure L2, phase), and light red (L2,
+ tungsten segregation).

The Seebeck coefficient, electrical conductivity, and power
factor of (100) and (110) oriented Fe,V, W, Al films are plotted
versus the deposition temperature (Tqep), along with the

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Room temperature thermoelectric properties as a function of
deposition temperature (Tqep) Of (1 0 0) (red) and (11 0) (black) oriented
Fe,VogWo oAl thin films. (a) Seebeck coefficient (S), (b) electrical
conductivity (¢) and (c) power factor (PF). Highlighted in yellow are
regions corresponding to samples with L2, ordering, and in red those
with L2; ordering and W crystallization. Along with these values, data
from® is displayed for comparison (light grey).

corresponding values obtained on W-free Fe,VAl films grown
under identical conditions, as reported previously.*” It is evident
in Fig. 2a), that Fe,V,sW,,Al films show a negative Seebeck
coefficient, confirming their expected n-type nature. Two clear
regions are observed: one with lower Seebeck values (below —20
uwv K1) for samples with A2-B2 phases (white background-

This journal is © The Royal Society of Chemistry 2026
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colored), and another one with higher Seebeck values, around
—40 to —60 puv K ', for samples with the L2, phase (yellow
background-colored). W segregation (red background-colored)
gives rise to a blend of L2, and pure W, and is not directly
comparable with the rest of non-W segregated samples, though
its Seebeck value is also plotted. The maximum Seebeck coef-
ficient of 57 + 3 uv K~ was observed for the sample grown on
MgO at 800 °C. This value represents substantial improvements
over disordered phases.

The electrical conductivity, shown in Fig. 2b), presents two
clear regions with higher (on average 5250 (Q cm)™!) and
reduced values (on average 2250 (Q cm) ™), associated with both
A2-B2 and L2, phases, respectively. Interestingly, (110) oriented
films consistently present superior electrical conductivity
compared to their (100) counterparts, attributed to different
epitaxial relations, distinct morphological characteristics, and
orientation-dependent crystallization mechanisms on the two
different substrates. The competing effects of enhanced See-
beck coefficient and reduced electrical conductivity described
above result in overall PF improvements for L2, ordered phases.
As shown in Fig. 2¢) maximum power factor values are 730 & 70
uW m~"' K2, representing more than two-fold enhancement
compared to A2-B2 phases. Also, some minor differences of
Seebeck and conductivity values within the L2, regime can be
observed, which are attributed to experimental scattering in
sample properties, minor changes in chemical order and
morphology and grain sizes variations (A summary table of
differences of Seebeck coefficient, electrical conductivity and
overall PF values between representative samples in the L2,
regime and a B2 sample is shown in the SI). The drastic drop in
PF for the samples grown at 950 °C directly correlate with
detrimental effects of tungsten segregation. Fig. 2c) portrays the
notable effect of L2; ordering in the PF, making more than
a two-fold increase with respect to A2-B2 phases. When
comparing these values of Fe,V,sW,,Al films with those ob-
tained in undoped Fe,VAl layers measured in our previous
work,”” clear differences arise. Tungsten incorporation
produces several critical improvements over undoped Fe,VAl
films at room temperature and above: (1) carrier type switches
from p-type to n-type with enhanced absolute Seebeck coeffi-
cients, (2) L2, phase's overall electrical conductivity increases
from 1000-1600 (Q cm) " in the undoped case to 1500-3250 (Q
cm) ! in Fe,V, sW, Al films, and (3) L2, phase's average power
factor enhances from ~150-450 pyW m™ ' K > (undoped) to
~350-750 pW m ™' K> (tungsten-doped).

To understand the electronic transport characteristics of A2,
B2 and L2;-ordered films, the Hall coefficient at room temper-
ature is presented in Fig. 3. Here, a positive Hall coefficient is
observed for all samples, with a clear descending tendency with
increasing Tq.p. Remarkably, all samples exhibit a positive Hall
coefficient and a negative Seebeck coefficient. This is an
unusual behavior, characteristic of bipolar conduction with
asymmetric carrier mobilities in multi-band systems trans-
port.*®***” This fact provides crucial insights into the underlying
electronic structure modifications induced by tungsten
substitution.

J. Mater. Chem. A, 2026, 14, 12835-12845 | 12837
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Fig. 3 Room temperature Hall coefficient as a function of deposition
temperature (Tyep) oOf (100) (red) and (110) (black) oriented Fe,Vo g-
WAl thin films. Yellow and red highlighted regions correspond to
samples with L2; ordering and L2; ordering with W crystallization,
respectively.

The negative Seebeck coefficient unambiguously confirms
that electrons serve as the dominant charge carriers responsible
for thermoelectric transport in the tungsten-doped system.
However, the simultaneously positive Hall coefficient suggests
that holes, despite constituting minority carriers, possess
significantly higher mobility than electrons. This apparent
contradiction is resolved through a detailed understanding of
the fundamentally different weighting mechanisms governing
each transport coefficient. The Seebeck coefficient is propor-
tional to the conductivity-weighted energy derivative (< a;-du,/
dE), making it sensitive to carrier concentration and thus
dominated by the high-density electron population. In contrast,
the Hall coefficient is proportional to mobility-squared
weighted averages (o« Zu;”-n; e;), making it sensitive to carrier
mobility and potentially dominated by high-mobility holes even
when they represent minority carriers.

This transport asymmetry likely originates from the complex
band structure modifications induced by tungsten substitution
within the highly ordered L2; Heusler phase. In Fig. 4 the
unfolded band structure calculated from Density Functional
Theory calculations is depicted along with the spin-resolved
density of states (DOS). As the calculations reveal, carriers
donated by the dopant are located in the conduction band,
forming pockets with very different effective masses and
mobilities. Specifically, some bands below the Fermi energy in
the conduction band exhibit flat dispersion, indicating heavy
effective masses and low mobilities, which can significantly
impede electronic transport. Using DFT band structure calcu-
lations depicted in Fig. 4 and supposing a temperature of 300 K,
the estimated carrier concentrations of electrons and holes are
e ~5 x 10" em ™ and ny, ~2 x 10'® em ™3, respectively, yielding
a ratio of carrier concentrations of three orders of magnitude.
Using these concentrations, and the estimated effective masses
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of meg (e—)~1.3-2.3-m. and mee(h")~0.8-1.3-m,, obtained
through parabolic band approximations, Books-Herring model
yields a mobility ratio of holes and electrons of uy/ue~100-1000.
Assuming up/pe = 100 and carrier concentrations of n. = 5 x
10> em ™ and ny, = 2 x 10'® cm™?, the ambipolar Hall coeffi-
cient Ry, = (i X pn” — Ne X pe /(e (My X pin + ne X we)?)) results in
R, = 3 107°, which aligns with the measured values on L2;-
ordered films shown in Fig. 3. Simultaneously, these flat bands
are expected to produce a large density of states, consequently
yielding a higher Seebeck coefficient.

While bipolar effects have traditionally been associated with
areduction in thermoelectric performance and thus considered
something to be avoided, the asymmetric bipolar conduction
mechanism has been also postulated for other materials
systems such as LaCo0Oj3,*® BiSb,” GaN* and it has been sug-
gested as a strategy to improve performance in thermoelectric
materials.** Based on the DOS, W-doped Fe,VAl should exhibit
a significantly larger Seebeck coefficient than its undoped
counterpart. However, the absolute values experimentally ob-
tained are in the same order of magnitude, which is likely
attributable to the reduction in the Seebeck coefficient in the W-
doped material due to bipolar effects. Meanwhile, electrical
conductivity is expected to increase due to the contribution of
these light holes.

Fig. 5 presents temperature-dependent thermoelectric
properties for representative films with and without chemical
ordering. Seebeck coefficients show minimal temperature
dependence while maintaining the remarkable ordering-
induced enhancements already observed at room tempera-
ture. Electrical conductivity increases with temperature for all
samples. This can be explained taking into account the bipolar
nature of the samples, as this nature becomes more
pronounced with increasing temperature due to thermal acti-
vation of minority carriers across the narrow band gap. This
temperature evolution of the transport coefficients provides
additional validation of the proposed multi-band conduction
mechanism and demonstrates the sophisticated electronic
engineering achieved through strategic tungsten substitution in
the Fe,VAl Heusler matrix. This bipolar transport mechanism
with asymmetric carrier properties actually represents advan-
tageous physics for thermoelectric applications. The system

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Temperature dependence of (a) Seebeck coefficient (S), (b)
electrical conductivity (o), and power factor (PF) of representative films
with different degrees of chemical order. At the right of (a—c), an arrow
is depicted indicating the plots corresponding to films with L2;
ordering.

maintains high electrical conductivity through the combined
contribution of both carrier types while preserving substantial
Seebeck coefficients through the dominance of electron trans-
port in the thermoelectric response. The resulting temperature-
dependent power factor evolution demonstrates consistently
superior performance for L2; ordered samples across all
measured temperatures, with peak values reaching 650 + 20 pW
m ' K % at 150 °C for the film deposited Tye, = 750 °C on ALO;.
The L2, ordered Fe,V,sW,,Al film reach power factors of
almost 3 times higher than its B2 phase counterparts.

Fig. 6 presents comprehensive thermoelectric performance
comparison between tungsten-doped Fe,V, W, Al L24-ordered
and undoped Fe,VAl L2;-ordered films (both grown at Tge, =
900 °C), including power factor, thermal conductivity, and
figure of merit evolution with temperature.

This journal is © The Royal Society of Chemistry 2026
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In the case of the power factor (Fig. 6a)), when comparing W-
doped (Fe,V, W, ,Al) and undoped (Fe,VAl) with the L2;-
ordered films, both grown at 900 °C. They present a maximum
power factor of 600 uW m~* K2 and 480 yW m* K2 for doped
and undoped cases at the temperatures of 150 °C and 105 °C,
respectively. It is worth noting that at 300 °C, the difference in
PFs between undoped and W-doped samples is even more
pronounced, exceeding a factor of two.

Simultaneously, the tungsten substitution also results in
a reduction of thermal conductivity at room temperature from
4.6Wm 'K 'to1.4Wm 'K ' (Fig. 6b)), for the W-substituted
case. Moreover, at 105 °C, which corresponds to the maximum
in the power factor, the thermal conductivity of the undoped
sample is 6.9 = 0.5 Wm ' K, compared to 2.0 £ 0.4 Wm ™"
K for the W-doped sample. At the maximum measured
temperature of 300 °C, the undoped and W-doped samples
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Fig. 6 Temperature dependence of (a) power factor (PF), (b) thermal
conductivity (k), and (c) zT of a representative L2;-ordered film
deposited at 900 °C on Al,Oz and L2; Fe,VAL from our previous work.*®
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show thermal conductivities of 15+ 0.5Wm 'K 'and 5+ 1W
m ™' K™, respectively. This reduction in thermal conductivity in
entire measured temperature range can be explained because

adding a heavy atom like W enhances the scattering of

phonons. While the increase in thermal conductivity with
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temperature demonstrates that the electronic contribution
plays a key role in both W-doped and undoped Fe,VAl, the
reduction of k upon doping stems from a significant decrease in
the lattice contribution.
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(a and b) Phonon dispersion curves, (c and d) vibrational density of states and cumulative lattice thermal conductivity, (e) group velocities,

and (f) scattering rates for undoped and W-doped L2; Fe,VAl models at 300 K.
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Notably, B2 and L2; Fe,V,sWj,Al films exhibit similar
thermal conductivity values at room temperature (1.5 = 0.3 W
m~' K 'and 1.4 + 0.3 W m~ " K 'respectively). This indicates
that the incorporation of W is the main responsible for the
reduction of thermal conductivity as it affects the phononic
structure, which is not related to the band structure modifica-
tions made by L2, ordering.

The synergistic combination of enhanced power factors due
to the improved chemical order and reduced thermal conduc-
tivities due to the substitution of V for a heavier element yields
remarkable zT improvements approaching one order of
magnitude enhancement over undoped systems. Fig. 6¢) shows
that maximum zT values reach 0.12 & 0.03 at room temperature
and 0.105 + 0.020 at 150 °C, representing competitive perfor-
mance with state-of-the-art thermoelectric materials. The
aforementioned multi-carrier optimization mechanism,
combined with the dramatic reduction in thermal conductivity
achieved through enhanced phonon scattering, underlies the
exceptional thermoelectric performance enhancement in the
tungsten-doped Heusler films.

W-doping has a multifaceted effect on thermal transport. To
further understand this effect, a comparison of the calculated
dispersion curves, the phonon density of states, the group
velocities, and the scattering rates for L2, Fe,VAl and Fe,V, s-
W, ,Al is depicted in Fig. 7. From Fig. 7a-d it is observed that
the vibrational modes associated with W atoms are located just
above the acoustic modes, which drastically reduces their group
velocities, which are presented in Fig. 7e). Additionally, scat-
tering rates, plotted in Fig. 7f), are increased due to the larger
number of scattering processes and the enhanced anharmo-
nicity of the system. Cumulative lattice thermal conductivity,
computed as a function of the frequency contributions of each
vibrational mode plotted in Fig. 7c and d, shows that the
acoustic modes' contribution is strongly reduced when W is
included. For instance, at 4 THz, the cumulative thermal
conductivity of the doped system has been reduced by half with
respect to the undoped system. Additionally, when considering
the average grain size of the samples, a lattice thermal
conductivity of 6.44 W m~' K™' is obtained for the doped L2,
samples with an average grain size of 20 nm (see figure SI 10 of
the SI). However, although W has been explicitly included in the
conventional cell, this model cannot account for the long-range
effects of W atoms randomly distributed in the lattice. As an
approximation, and similarly to the approach we followed for
modeling the anisotropic effect in our previous work, we have
incorporated the Tamura model* to account for the mass
disorder effect of randomly distributed W atoms in the lattice.
Using this approach, we obtained a lattice thermal conductivity
of 1.01 W m ™" K *for average grain sizes around 20 nm at 300 K.
In summary, the extremely low thermal conductivities of the
samples arise from three contributions. Dopant-induced local
distortions enhance scattering rates and reduce group veloci-
ties, thereby lowering the lattice thermal conductivity of single-
crystal samples to 27.8 Wm™ ' K. Accounting for dopant/mass
disorder further reduces lattice thermal conductivity to 5.79 W
m~' K, and finally, considering the grain size of thin films
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yields 1.01 W m ™" K, which is very close to the experimental
values.

Comparative analysis with literature reveals interesting
composition-performance relationships. While Machda et al.
and Mikami et al."”** achieved higher power factors (1600 and
~2600 UW m™* K2, respectively) than the maximum values
reported in this work (730 £ 70 pW m ™" K ?) with lower tung-
sten concentrations (Fe,V, oW, 1Al), they observed correspond-
ingly higher thermal conductivities (3.5 and 5 W m~ " K,
respectively compared with our value of 1.4 + 0.3 Wm ' K™ ).
The highest figure of merit, zT'= 0.12 &£ 0.03, in the films grew
in this study is obtained at room temperature and it is similar to
the ones obtained by the two mentioned works (0.16 at 70-150 °
C by Machda et al.,"” 0.2 at 120 °C by Mikami et al.**). This
suggests that a complementary behavior of thermoelectric
properties exists, where higher doping levels sacrifice power
factor for thermal conductivity benefits.

Comparison with silicon-doped systems (Hiroi et al.** and
Lue et al?®) reveals complementary advantages for heavy
element doping. While silicon-doped systems achieve excep-
tionally high-power factors (2200-2900 pW m ' K 2), their
elevated thermal conductivities (12.6-19 W m~" K ') result in
inferior 27 values (0.036-0.06), confirming the strategic advan-
tage of heavy atom substitution for overall thermoelectric
performance optimization.

To further understand the behavior of this material and the
effect of doping on its electrical properties, it is necessary to
know how its band structure changes when W doping is
present. For this reason, it is highly interesting to evaluate the
band gap of this material and compare the magnitude with the
one obtained on undoped Fe,VAl. To accomplish this, optical
methods were employed, as it is seen in Fig. 8, where a Tauc plot
analysis®* of indirect transitions in Fe,V,gW,,Al reveals
a bandgap value of 0.23 £ 0.01 eV for L2, ordered films, closely
matching previously measured undoped Fe,VAl values (0.19 +
0.05 eV). DFT calculation seems in good agreement with

Band gap = 0.23 £ 0.01 eV

—— Tauc-indirect
—— Linear fit

(Fhv)'2

0.2 013 0.4 0.5
Energy (eV)

Fig. 8 Tauc plot used for the estimation of the indirect band gap (E; =
0.23 + 0.01 eV) of Fe,Vo gWo oAl deposited at 850 °C on Al,Os.
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experimental measurements, obtaining an energy difference for
the majority spin between the valence and conduction band of
0.16 eV. This similarity suggests that while tungsten incorpo-
ration produces significant electronic structure modifications,
the fundamental band gap remains relatively unchanged. DFT
calculations indicate a rigid upward band shift of approximately
~1 eV upon W incorporation, consistent with the observed n-
type behavior.

Conclusions

This comprehensive investigation demonstrates that L2,
chemical ordering synergistically enhances the thermoelectric
performance of tungsten-substituted Fe,VAl thin films through
complementary electronic and phononic mechanisms. Tung-
sten incorporation successfully transforms Fe,VAI from p-type
to n-type semiconducting behavior. Furthermore, it simulta-
neously improves the power factor and dramatically reduces the
thermal conductivity.

The systematic control of chemical ordering through depo-
sition temperature optimization reveals that Seebeck coefficient
enhancements observed in undoped L2; Fe,VAl extend to
tungsten-doped systems. Moreover, the reduction in electrical
conductivity is overcompensated by Seebeck improvements,
yielding overall power factor gains. Thin film synthesis provides
inherent thermal conductivity benefits, while tungsten substi-
tution delivers additional two-fold thermal conductivity reduc-
tions, culminating in z7'= 0.12 £ 0.03 at room temperature.

Compared to undoped Fe,VAI, tungsten-doped alloys
demonstrate more than a four-fold thermoelectric figure of
merit improvement, establishing the critical importance of L2,
chemical ordering for practical thermoelectric applications.
While Machda et al.'” achieved higher power factors (PF = 1600
uW m~' K™?) at lower W content (W, ), they reported corre-
spondingly higher thermal conductivity (k = 3.5 W m™" K ).
Our W, , composition presents a complementary trade-off:
sacrificing PF for dramatic « reduction, yielding comparable
zT values. This work thus demonstrates that chemical ordering
control can partially compensate for non-optimal composition
selection, a finding valuable for practical materials engineering.
The successful implementation of industrially scalable
magnetron sputtering for high-performance thin film synthesis
enables promising pathways for commercial thermoelectric
device fabrication.

This work ultimately validates the viability of doped Fe,VAl-
based full Heusler alloys as sustainable, non-toxic, and earth-
abundant thermoelectric materials for near-room temperature
applications. Thus, making this family of material suitable for
waste heat recovery systems, IOT, and wearable devices
contributing to global sustainable energy solutions, and
addressing critical challenges in the ongoing energy transition.

Experimental details

A series of 150 nm Fe,V,gW,,Al films was simultaneously
deposited on MgO (1 0 0) and Al,O; (1120) substrates at
temperatures (Tqep) ranging from 350 °C to 950 °C. The
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deposition was carried out in a UHV chamber (base pressure
~107° mbar) utilizing DC magnetron sputtering. A stoichio-
metric commercial Fe,V,sW,,Al target (Mateck GmbH) was
sputtered at 40 W and 2.5 10~° mbar Ar pressure, yielding
a deposition rate of 1.67 nm min . Taep Was measured in situ
using a calibrated thermocouple located in the sample holder.

The crystal structure was characterized by X-ray Diffraction
(XRD) measurements performed on a Bruker D8 Discover four-
circle diffractometer with a microfocus X-ray source (IpS) (Cu
Ka,) and an Eiger2 2D detector. Electrical conductivity and
charge carrier concentration at RT were measured using a four-
probe commercial HMS 5500 Hall effect measurement system
(Ecopia). RT Seebeck measurements were performed utilizing
a lab-made system in the in-plane direction. Temperature-
dependent Seebeck coefficient and electrical conductivity
measurements were carried out using a two-probe commercial
Linseis LSR-3 system.

The thermal conductivity was measured in the out-of-plane
direction using the time-domain thermo-reflectance (TDTR)
method at various temperatures, utilizing the Front/Front
configuration. The measurements were performed with
a PicoTR system (PicoTherm), employing pump and probe
lasers with wavelengths of 1550 nm and 750 nm, respectively.
Both lasers feature a pulse duration of 0.5 ps, and the laser
pulses were applied to the film (after depositing a thin Pt layer
of 100 nm on top of it) within a time interval of 50 ns. From
these measurements, the thermal diffusivity is obtained.
Knowing the parameters of density and heat capacity of the film
and substrate the thermal conductivity was calculated. Param-
eters used for the film were density of 7.05 4+ 0.1 g cm™>, esti-
mated through X-ray reflectometry, and heat capacity of 455.89 ]
kg ' K, estimated from the Themtest Instrument Co. bulk
materials database.*

Morphological characterization was carried out via a FEI
Verios 460, Scanning Electron Microscope (SEM). The band gap
was determined from mid-IR optical reflectance measurements
(from 2.5 to 17 pm) using a PerkinElmer (Spectrum 3) Fourier
Transform Infrared (FT-IR) spectrophotometer, analyzed with
the Tauc approaches.*

Computational details

Ground states were fully relaxed (atoms and lattice) using the
VASP package*® and projector-augmented wave potentials.’”
Energies and wave functions were computed using the meta-
GGA r’SCAN functional proposed by Furness et al.*® This func-
tional provides a good balance between computational effi-
ciency and accuracy for band gap predictions, mitigating the
underestimation typical of GGA functionals while achieving
a mean absolute error comparable to that of hybrid exchange-
correlation functionals.**** Moreover, as reported in our
previous study, r*SCAN reproduces the experimental narrow-
band-gap semiconductor behavior of Fe,VAL Core and
valence electrons were selected following the standards
proposed by Calderon et al.**> A kinetic energy cutoff of 500 eV
was applied to the plane-wave basis set expansion to mitigate
Pulay stress errors. A dense mesh of 8000 k-points per reciprocal
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atom was used to accurately describe the minimum of the
potential energy surface and the ground state wavefunction.

Geometry and lattice vectors were subjected to full relaxation
until the forces on each atom were below 107 eV A~*. Wave-
function convergence was achieved when the energy differ-
ence between successive electronic steps fell below 107° eV,
incorporating an additional support grid for the evaluation of
augmentation charges to minimize force-related noise. W-
doped model was obtained by substituting a V atom with W
in a conventional 16-atom cell, achieving a doping level close to
the experimental values and within the range of experimental
error. To compare the electronic structure of the L2, phase and
doped structure, band structure unfolding® was performed
using the easyunfold code.**

Lattice thermal conductivity was calculated by combining
the hiPhive* and ShengBTE* packages using the hiPhive
wrapper.*” The force constants were obtained using 432-atom 3
x 3 x 3 supercells, using the conventional cell as unit cell.
Interatomic force constants were calculated using a two-step
process. Initially, 4 supercells underwent minor random
atomic distortions. Subsequently, the hiPhive wrapper was used
to extract second- and third-order IFCs. Following this, an
additional 14 distorted supercells were generated by super-
imposing normal modes with random phase factors and
amplitudes corresponding to a temperature of 300 K by
employing the second-order IFCs obtained from the previous
step. The interatomic force constants were obtained using the
recursive feature elimination (RFE) algorithm, through multi-
linear regression to the DFT forces. Although this approach is
more computationally demanding compared to ordinary least-
squares regression, RFE has demonstrated higher efficacy in
achieving convergence with a reduced number of structures.
The effects of point defects on lattice thermal conductivity can
be modeled using different approaches. On one hand, the
Green's function approach—in which phonons of the perfect
cell interact locally with the defect—provides a microscopic
description of the scattering mechanisms, capturing the influ-
ence of substitutional disorder. This method has been previ-
ously used for pristine and substituted Fe,VAL*® On the other
hand, we opted to assume that defects modify all lattice
phonons and thus the harmonic and anharmonic interatomic
force constants. This required explicit inclusion of the dopant
during IFC calculations, which breaks the cell symmetry,
increases the number of inequivalent IFCs, and raises the
computational cost. While this method is extremely expensive
when interatomic force constants are computed using single-
atom finite displacements, multilinear regression approaches
for extracting IFCs reduce the computational cost and open the
door to consider the local geometry distortions that dopants
induce in the material's vibrational properties—particularly
when dopants are considerably large ions such as W. Despite W
doping being explicitly included in the atomistic model, this
does not capture the long-range disorder of the dopants. To
assess the impact of such long-range disorder on the thermo-
electric properties, the Tamura model,** including an isotopic
or elastic scattering term that accounts for mass disorder. This
approach was successfully used previously to model the effect of
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antisite disorder on the thermal conductivity of Fe,VAIL The
influence of grain size on lattice thermal conductivity was
considered by determining the cumulative thermal conductivi-
ties based on phonon mean free paths; the value of «; for
a specific particle size L is estimated by summing the contri-
butions from all mean free paths up to L. To balance memory
demand and ensure the convergence of «; with respect to g-
points, a Gaussian smearing of 0.1 is applied along with a dense
mesh of 30 x 30 x 30 g-points.
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