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Room-temperature FeSi,-doped
Cu,Se thermoelectric films with
enhanced figure of merit

Masahiro Goto'*?, Michiko Sasaki**?, Taku Moronaga?, Toru Hara? & Yibin Xu*

Thermoelectric (TE) materials offer a promising pathway toward achieving carbon neutrality by
converting waste heat into electricity. The enhancement of their figure-of-merit (zT) depends on
optimizing the composition of materials and nanostructures, reducing the thermal conductivity, and
increasing the power factor. Cu,Se, a superionic material, achieves a zT of 0.4 at 300 K by facilitating
Cu ion movement within its face-centered cubic lattice, effectively suppressing thermal conductivity.
Herein, we present a novel TE material developed by doping Cu,Se crystals of different compositions
with FeSi,. We report a remarkable zT of 0.69 at 298 K for Cu,Se-based materials and reveal the
presence of the CuO and Cu, 0 tiny crystals on the material surface, uniform dispersion of Si within
the film, and formation of distinctive amorphous FeO. Our strategy holds great potential for notably
advancing waste heat recovery in sustainable TE materials.
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Developing thermoelectric (TE) materials capable of efficiently converting waste heat into electricity is crucial
for achieving energy goals aligned with carbon neutrality!?. Since approximately 90% of the thermal energy is
dissipated at temperatures below 600 K, TE materials with enhanced performance near room temperature are in
high demand, especially as autonomous energy sources for wearable sensing devices®. The conversion efficiency
from thermal to electric energy is characterized by the dimensionless figure-of-merit, zT =S?c T/k, where S is
the Seebeck coefficient, o is the electrical conductivity, S?c is the power factor (PF), T is the temperature, and
K is the thermal conductivity. Improving the TE conversion efficiency requires innovative strategies to reduce
thermal conductivity and enhance the power factor through the optimization of the material type, composition,
interfaces, and nanostructures. Despite considerable progress, the zT values for commercial TE materials, such
as Bi, Te, (n-type) and Bi .Sb, . Te, (p-type), remain limited to ~ 0.7 at room temperature (300 K), corresponding
to ~7% conversion efficiency, which is considerably smaller than ~20% efficiencies reported for commercial
photovoltaic modules. In particular, there are few p-type thermoelectric materials that exhibit high zT values,
and the development of novel p-type thermoelectric materials are expected. This large difference highlights the
pressing need to improve the conversion efficiency of sustainable, cost-effective TE materials, which is crucial
for their widespread adoption. Achieving this goal aligns with the primary objective of installing TE element
modules over large areas for extended periods, satisfying performance and sustainability requirements.

Furthermore, thermal conductivity, Seebeck coefficient, and electrical conductivity are the main material
properties that dictate the improvement of dimensionless zT. However, their intercorrelated effects hinder the
enhancement of the TE performance. The use of phonon-glass electron-crystal (PGEC) materials are among
the most popular solutions to address these challenges because they exhibit glass-like behavior for phonons,
reducing thermal conductivity. Moreover, they exhibit crystalline behavior for electrons, thereby enhancing
electrical conductivity, which can considerably improve zT*.

Recent research efforts have focused on optimizing TE materials, including the optimization of the BiN®
thermoelectric properties, prediction of high zT values for ternary transition-metal nitride halide monolayers,
such as ZrNI or HfNIC, through data science methods, and investigation of the 2D GeTe/arsenene van der
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Waals heterostructure’. In addition, studies have explored cobalt-containing sintered silicon-germanium alloys?
and p-type Ta, ,,Nb,,V  |.Ti,FeSb thermoelectric materials and performed composition optimizations in the
quaternary phase space of half-Heusler compounds’. Further enhancements in the spin-driven thermopower
and zT value without compromising electrical conductivity have been achieved using temperature-driven
spin crossover, as observed in 5% Cr-doped MnTe!?. Additionally, an increase in the room-temperature
thermoelectricity with tensile strain in SrTiO,-based superlattices, such as [(StTiO,)m/(SrTi; ,Nb,,0,) ], on
DyScO,(110) substrates has been achieved!!. Furthermore, TE property enhancement has been observed in
Bi,Te, through combinatorial gradient annealing technique!?. A significant breakthrough is the improvement
in"TE performance through quadruple-band synglisis, which promotes the convergence of the energies and
momenta of four valence bands'®. In particular, selenium (Se)-alloyed SnS materials using quadruple-band
synglisis demonstrate a high zT of ~1.0 at 300 K'3, making them promising for advancement of room-
temperature TE materials.

Cu,Se is a well-known and attractive superionic conductive PGEC material in which Cu ions exhibit liquid-
like behavior within a stable Se crystal lattice. Cu,Se undergoes a phase transition from a monoclinic a-phase
to a cubic B-phase at ~400 K and is expected to improve zT through the PGEC phenomenon. Although the
stable a-phase is suitable for the fabrication of TE devices, the high-temperature $-phase improves the Cu,Se
ionic conductivity but complicates the device fabrication'®. In 2012, Liu et al.'® and Yu et al.!® reported T
values of 0.2 and 0.4, respectively, for bulk Cu,Se at 300 K. In 2016'7, Perez-Taborda et al. demonstrated a
high zT of 0.45 at room temperature by precisely controlling the overstoichometric Cu, ,.Se composition
in a Cu,Se film. Interestingly, some investigations have reported remarkable zT values exceeding 400 within
specific temperature ranges, particularly during structural phase transitions'®. However, these achievements
remain largely impractical for widespread applications as they have not yet surpass the performance of Bi,Te,
(n-type) and Bi, .Sb, . Te, (p-type). Therefore, various doping techniques have been explored to enhance the
TE efficiency of ( CuZSe, 1ncorporat1ng substances such as Ga'®, Fe??!, Ni?%, Mn?’, In*, Zn?', Sm*, Te??%, K*,
CI», TiO, %, SiC¥, W, Au®, Ti*, Ag®, BiCuSeO +graphene®, sz3 Sn3*, BN, In(super lattice)* and Sc,
Y, and La (ﬁrst prrncrples investigations)®”. Among these dopants, K doping yielded the highest zT of 0.56 at
room temperature?!. However, further improvements driven by simpler fabrication processes, safe and less toxic
materials, and higher performance remain strongly desired.

Herein, to discover p-type thermoelectric materials with high zT at room temperature, we propose a novel
method to improve the zT of Cu,Se-based materials by incorporating small amounts of FeSi,. Our approach
involves incorporating multiple Cu Se crystal structures with different compositions to enhance the Seebeck
coefficient while maintaining low thermal conductivity through increased interface density. The proposed
method defines a strategy for low-cost, high-performance TE that can replace Bi,Te, at room temperature,
offering a pathway for the development of highly efficient devices.

Results and discussion

We prepared Cu,Se Fe Si O (CSSFO) films using a combinatorial sputter coating system (COSCOS; see
Methods) and modified ‘the coating parameters by adjusting the substrate temperature from 298 K to 773 K and
the radiofrequency (RF) power from 60 to 120 W (Supplementary Fig. $1)*%3°. Energy-dispersive X-ray (EDX)
spectroscopy was used to analyze the elemental composition of the CSSFO films under various fabrication
conditions (Table 1, Supplementary Fig. S2). For CSSFO samples prepared at 773 K, the Cu-to-Se ratio was
approximately 2.4, and the elemental composition remained stable as the RF power increased from 60 to
120 W. Conversely, the films produced at 60 W and 298 K exhibited a Cu-to-Se ratio of approximately 1.9
with a marginal increase in Fe and O concentrations, indicating that the substrate temperature and RF power
considerably influence the elemental composition and properties of the films.

Figure 1 shows the dependence of the CSSFO films’ TE properties on the RF power and substrate temperature.
Cu,Se crystals undergo a transition from the monoclinic a-phase to the face-centered cubic p-phase below 400 K.
The results show that the CSSFO samples fabricated at 773 K exhibit a similar phase transition, although the phase
transition temperature (PTT) shifts to 350 K and increases to 370 K with increasing RF power during coating.
Repeating measurements three times up to 573 K confirmed that the material is thermally stable (Supplementary
Fig. S3). However, the CSSFO films prepared at 60 W and 298 K exhibited no observable phase change in the
Seebeck coefficient. electrical conductivity and PF measurements indicated a phase transition during the second
measurement cycle, with the PTT occurring at ~400 K, which is consistent with that of conventional Cu,Se.
The electrical conductivity shown in Fig. 1a exhibits a peak value of ~4 MS/m for films produced at 60 W and
298 K. The sample prepared at 60 W and 773 K exhibited a lower electrical conductivity of ~ 1.5 MS/m, whereas
the films produced at 80-120 W and 773 K demonstrated electrical conductivity values of 2.0-2.7 MS/m, with

Composition (at%)
Sample Thickness (um) (O [Si |Fe |Cu |Se | Cu/Seratio
60 W, 298 K 9.37 88 (0.2 |14 |588 |30.8 |19
60 W,773K | 13.10 49104 |05 (679 263 |26
80W,773K | 11.75 33 (02|05 675|285 |24
100 W, 773 K | 13.00 35(03 |04 670|288 |23
120 W, 773K | 13.25 51 (0.3 |03 |657 |28.6 |23

Table 1. Elementary concentration of Cu,Se Si Fe O, films prepared under different synthesis conditions.
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Fig. 1. Variation of the thermoelectric (TE) properties of Cu,Se Si Fe O, films with the radiofrequency (RF)
power and substrate temperature. Temperature dependences of electrical conductivity (a), Seebeck coeflicient
(b), and power factor (c).

a maximum near the PTT. The electrical conductivity value for the 120-W sample at room temperature was
twice as that of previously reported values!®, exhibiting excellent stability with temperature changes up to 573 K.
The Seebeck coefficient shown in Fig. 1b varies from 20 to 38 ©V/K in the a-phase (298-350 K) and from 20
to 53 uV/K in the B-phase for the 773 K samples. In contrast, the Seebeck coeflicient for the 60 W and 298 K
samples ranged from 10 to 30 uV/K, indicating no evidence of phase changes. The PF variation in the 298-573 K
range is shown in Fig. 1c, ranging from 0.5 to 5.0 mW/mK?2. The samples prepared on the substrates at 773 K
exhibit a consistent inflection point at PTT, which was absent in those prepared on the substrates at 298 K. At
room temperature, the PF for CSSFO films reached 2.6 mW/mK?, which is approximately 2.4 times greater
than the previously reported value of 1.1 mW/mK?Y. This result represents the highest PF value reported for
the Cu,Se-based TEs, highlighting the potential of the CSSFO films for improved TE efficiency. Interestingly,
among the 773 K samples, the Seebeck coeflicient increases with RF power from 60 to 120 W, which suggests
a decrease in carrier density. However, the electrical conductivity also increases across this range, remaining
nearly constant between 80 and 120 W at 298 K. This simultaneous decrease in carrier density and increase in the
electrical conductivity implies a substantial enhancement in carrier mobility. This effect is likely attributed to the
promotion of microcrystallization and the influence of interfacial contributions—factors that will be discussed
in detail later. Overall, these effects are strongly correlated with the dramatic improvement in PE.

Figure 2 shows the thermal conductivity and zT of the CSSFO films measured at room temperature. The
thermal conductivity values range from 1.13 to 1.25 W/mK, which is slightly higher than that reported in the
previous study (1.0 W/mK)'®. The zT values exhibit considerable dependence on the RF power and substrate
temperature. At 60 W, zT was measured at 0.11 and 0.35 for the substrate temperatures at 298 K and 773 K,
respectively. For the samples on 773 K substrates, zT increased from 0.35 to 0.69 as the RF power increased
from 60 to 120 W. Figure 3 compares the zT values of Cu,Se-based materials in the literature depending on
different types of doping. Liu et al.'%, Yu et al.!%, and Prez-Taborda et al.'” reported zT values of 0.2-0.4 at room
temperature for Cu,Se without doping, which was recently reported at 0.45 by Ang et al. in 2023%. Although
most doping attempts to exceed these zT values were unsuccessful, doping with K (zT =0.56) and W (2T =0.49)
proved to be successful. In this study, we achieved a notable improvement in zT, reaching 0.69, approaching that
of Bi,Te, at room temperature, which is beneficial for TE applications due to its reduced cost and lower toxicity.
The thermal conductivity of the Cu,Se-based materials remains relatively stable across a broad temperature
spectrum. Liu et al.'® observed that thermal conductivity at 573 K is comparable to that at room temperature;
thus, using our measured thermal conductivity value of 1.13 W/mK at room temperature, zT for the CSSFO
samples at 573 K is estimated to be 2.45, which is remarkably high. The stoichiometric composition of Cu,Se
often yields a maximum zT of ~0.4!7. Notably, the improvement in zT values achieved here strongly depends
on the limitation of the RF power source of the sputter coating apparatus. Therefore, further research utilizing
enhanced equipment and optimized fabrication configurations holds remarkable potential for achieving even
higher zT values for CSSFO materials, offering low-cost, high-performance alternatives to Bi,Te,.

Figure 4 shows the scanning electron microscopy (SEM) and high-resolution transmission electron
microscopy (HRTEM) micrographs of the CSSFO sample prepared at 120 W and 773 K (micrographs of the
remaining samples are shown in Supplementary Fig. S4). Several fissures are visible on the thin film’s surface in
Fig. 4a. A close look at these fissures reveals clearly visible approximately 1-3-um-sized crystal grains, as shown
in the inset. When the surface is magnified, a tetrahedral-like structure is observed. A detailed observation
using HRTEM reveals that the structure corresponds to a Cu,O single crystal, as shown in Fig. 4b. High-
resolution micrographs in Fig. 4c reveal that these micron-sized grains consist of a large number of fine crystals
and interfaces, whereas the atomic-level observations in Fig. 4d show their polycrystalline orientations. X-ray
diffraction (XRD) analysis was also carried out (Fig. 5 and Supplementary Fig. S5). The XRD and TE property
data were analyzed using principal component analysis (PCA). The Lasso and random forest algorithms were
used for analysis, yielding R? values of 0.90 and 0.60, respectively. Considering it higher accuracy, Lasso was
selected for further analysis. The heatmap of the Lasso analysis results is shown in Supplementary Fig. S9. The
zT contribution rates of various components were 90% for PC1 and 9% for PC2, respectively, accounting for
nearly the entire variance. To improve the zT value, it is essential to reduce PC1 and PC2, which corresponds
to weakening the 002 peak intensity of Cu,Se at ~13°, while strengthening the 211 and 311 peak intensities
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Fig. 2. Figure of merit (zT) and thermal conductivity (k) of CuZSeXSineZOt thin films as a function of RF
power and substrate temperature at room temperature (298 K).

observed at ~25.5° and 220 peak intensity at ~44°. In addition, increasing the peak intensities of Cu
Cu, (Se is beneficial. This suggests that the sufficient growths of the Cu,Se, Cu
crucial for improving the TE performance of the material.

The XRD spectrum of the CSSFO sample at 120 W and a 773 K substrate shows several phases, including
Cu,Se, Cu, 4,Se, Cu, ;Se, Cu,0, and CuO. However, the CSSFO sample prepared at 298 K mainly comprised
Cu,Se crystals, while the CSSFO samples at 773 K were a mixture of Cu, 4,Se, Cu, Se, and Cu,Se tiny crystals.
Additionally, as the RF power increased, the peak intensities of the Cu, ,,Se and Cu, ,Se crystals increased,
whereas the Cu,Se peak decreased. No XRD peaks corresponding to Fe and Si were observed due to their
metastable structures. Figure 6 shows the EDX elemental maps for the CSSFO sample at 120 W and 773 K.
Si was uniformly distributed across the film, whereas Fe was detected in granular form within an amorphous
iron oxide structure. Thus, the integration of a small quantity of FeSi, during the sputter coating process led
to the formation of various complex crystal structures within the Cu _Se matrix. These structural differences
improved the Seebeck coefficient by creating multiple surfaces, which led to a decrease in thermal conductivity.
Furthermore, the oxidation across the entire film led to the formation of Cu,O and CuO on the surface, whereas
FeO was evenly distributed within the film structure.

First-principles calculations are an effective method for analyzing the thermoelectric properties; however,
the calculations of nonstoichiometric Cu, Se materials are difficult due to the existence of 3d electrons
in Cu. Domashevskaya et al.** investigated the band structure and electron density of Cu, Se using X-ray
photoelectron spectroscopy (XPS) and X-ray emission spectroscopy(XES). They showed that the magnitude
of p-band splitting depended on the change in the value of x in Cu,_ Se and that the value of the band gap
varied with the x value. This result indicates that present materials are a complex mixture of nanocrystals
with three band gaps. TE efficiency in SnS crystals arises due to an increased convergence of the energy and
momentum of four valance bands, termed as quadruple-band synglisis!®. Furthermore, TE properties can be
improved by actively introducing vacancies and activating multiple band synthesis. Our samples are composite
materials with different band gaps of Cu,Se, Cu, ,,Se, and Cu, ;Se. While the interaction among these three
band gaps may contribute to an enhancement in zT, isolating the underlying mechanisms proved difficult due to
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Fig. 3. Comparison of zT values at room temperature with previous studies and this work.

the concurrent effects of interfacial phenomena, interlayer stress, and electronic interactions between different
phases. Importantly, the coexistence of multiple thermoelectric tiny crystals and the introduction of numerous
interfaces contributed to the observed improvement in zT. These results demonstrate the importance of FeSi,
doping in facilitating diverse crystal formations and optimizing TE properties through nanostructuring and
interface engineering.

Methods
CSSFO samples were synthesized using COSCOS, which is a homemade sputter coating system, as shown in
Supplementary Fig. S1. The samples were prepared on floating potential quartz substrates measuring 22 x4 x 1.5
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10 nm

Fig. 4. Scanning electron microscopy (SEM) and high-resolution transmission electron microscopy
(HRTEM) images of Cu,Se, - Si ,,Fe, 1,0, ;¢ thin films. SEM images of the Cu,Se  Si, o, Fe, ;. O, | films with
radiofrequency (RF) power of 120 W and substrate temperature of 773 K (a). The thln film exhibits numerous
cracks and micron-sized crystal grains grown on its surface. (inset). A tetrahedron-like structure is observed
when zooming in on the crack areas. Detailed observation of the tetrahedron-like structure using HRTEM
revealed that it was a single crystal of Cu,O (b). Cross-sectional HRTEM image of the film (c). Multiple small
crystals exist within the film in different orientations (d). The sample surface of panels (c) and (d) covered by a
carbon protective film.

m?, supplied by Hiraoka Special Glass Mfg. Co. (Japan). Sputter coating was conducted with ultra-high purity
argon gas (99.999%) and a Cu,Se sputter target with a diameter and thickness of 50 and 4 mm, respectively. The
operational argon gas pressure was maintained at 0.4 Pa. A 3-mm thick FeSi, sputter-coated shutter was used
for FeSi, doping, with 5% of the coated area overlapping the target during the coating process to ensure precise
doping. The introduction of FeSi, into the plasma facilitated the co-sputtering of Fe and Si atoms, allowing trace
quantities to be incorporated into the films. The overlapped area was kept constant but could be modified to
control the doping levels. The distance between the target and substrate was fixed at 55 mm. Pre-sputtering was
performed for 15 min to ensure target stability, and a quartz crystal thickness monitor along with cross-sectional
scanning transmission electron microscopy (STEM) measurement (9.37-13.25 um) were used to ensure uniform
thickness. During sputtering, the RF power was varied between 60 and 120 W, and the substrate temperature was
adjusted from 298 K to 773 K, respectively. The surface morphology and elemental composition were examined
using SEM (JEOL JSM-7900 E, FEI Electron Optics Thermo Scientific Scios2 HiVac, and Hitachi High-Tech
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Fig. 5. X-ray diffraction (XRD) spectra of Cu,Se, .. Si, o, Fe, 0, ; thin film at 120 W and 773 K. Peaks
corresponding to Cu,Se, Cu, ,Se, Cu, ,Se, Cu,O, and CuO crystals are observed. Peaks marked with a star are

due to the substrate.

$-3700) and EDX (JEOL JED-2300 Analysis Station Plus), respectively. The Seebeck coeflicient and electrical
conductivity were measured using a Netzsch SBA 458 Nemesis (Spain) system with the 4-point method and He
gas for thermal insulation. Thermal conductivity (i) was estimated using the formula k =TD x Cp x d, where TD
denotes the thermal diffusivity, Cp denotes the heat capacity, and d denotes the density. Thermal diffusivity was
measured using ai-Phase type-1u at 298 K. The Cp and d values of 0.354 J/gK and 6.3 g/cm?, respectively, were
taken from the literature*'. STEM and electron diffraction were performed using an atomic resolution electron
microscope (JEOL JEM-ARM300F GRAND ARM, Japan). The crystal structure of the samples was determined
using XRD (Rigaku SmartLab, Japan). The XRD peaks were assigned based on the material database system
(AtomWork, NIMS), and PCA analysis was performed by the WAVEBASE system (Toyota Motor Corporation,

Japan).
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Fig. 6. Elemental maps of CSSFO films prepared at 120 W and 773 K using energy-dispersive X-ray
spectroscopy.
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