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In situ formed nano-interlayer enables robust
interface bonding in efficient Bi,Tez-based
thermoelectric modules

Rui Zhou, T2 Ziyan Li,#° Shujing Yang,® Xuemei Wang,? Xinyi Shen,® Long Yang,®
Zhiwei Chen,? Juan Chen*® and Wen L ® *2

Interfacial robustness at thermoelectric—electrode junctions, characterized by exceptional elevated-
temperature chemical stability and mechanical integrity, emerges as a critical determinant for the
operational longevity of devices. Despite the proven efficacy of barrier layers in mitigating interfacial
chemical reaction/diffusion, large-scale fabrication of strongly bonded thermoelectric—-barrier—electrode
interfaces remains a formidable challenge. In this study, we demonstrate a controllable and reproducible
fabrication of Ni electrodes and Ti barrier layers on Bi,Tes-based thermoelectric materials via an
industrially scalable magnetron sputtering process. Impressively, an in situ formed nano-interlayer
creates atomic bonding at all heterojunctions, achieving an outstanding bonding strength of ~23 MPa
with a competitively low contact resistivity of ~21 pQ cm? at the junctions. These eventually enable one-
pair thermoelectric modules to achieve a ~53 K cooling effect at the hot-side temperature of ~298 K
and a sustained ~4.8% conversion efficiency at a temperature gradient of ~180 K. This work
demonstrates a universal fabrication route for constructing robust interfaces across multiple functional

rsc.li/materials-a layers in thermoelectric devices.

1. Introduction

Thermoelectric technology, which enables direct heat-to-
electricity conversion, has demonstrated promising potential
for applications in waste heat recovery, refrigeration systems,
and thermal management of optical communication devices."
In the past decades, numerous endeavors in thermoelectric
materials have driven substantial progress in their perfor-
mance, with unprecedented enhancements in the dimension-
less thermoelectric figure of merit (z7).> However, the
progression of thermoelectric devices, specifically thermoelec-
tric generators, for commercial applications continues to lag
conspicuously behind material advances. This disparity is
predominantly circumscribed by challenges including insuffi-
cient thermal stability under operational conditions and scal-
ability issues in the mass production of the devices.?
Thermoelectric devices fundamentally consist of alternating
n-and p-type thermoelectric legs interconnected via metallic
electrodes. The chemical stability of electrode-thermoelectric
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junctions at elevated temperatures acts as a critical determinant
in governing the long-term performance stability of the devices.
It is known that typical weldable electrode materials, including
Ni,* Ag® and Cu,’ function as efficient dopants in most ther-
moelectric materials. Interdiffusion between these electrodes
and the thermoelectric material generates reaction layers that
shift the carrier concentration, degrading thermoelectric prop-
erties and increasing contact resistivity over time, thereby
lowering conversion efficiency.” Therefore, materials exhibiting
chemical inertness and a low diffusion coefficient in thermo-
electrics have been utilized as intermediate barriers to effec-
tively mitigate such interfacial reactions.®

From a mechanical perspective, robust interfacial bonding
of electrode-barrier-thermoelectric junctions is indispensable
for ensuring device integrity. This constitutes an essential
prerequisite for maintaining its long-term operation. The
atomic-scale chemical bonds at the interfaces have been
demonstrated as an effective strategy to achieve exceptional
interfacial strength.” However, the facile and scalable fabrica-
tion of such robust electrode-barrier-thermoelectric junctions
represents a critical challenge to enable commercial viability of
thermoelectric generators.

To date, laboratory-scale fabrication of thermoelectric
materials integrated with barrier and electrode layers mostly
relies on the techniques of hot pressing (HP) or spark plasma
sintering (SPS)." A mismatch in the coefficients of thermal
expansion among these components induces significant
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internal stresses near the interfaces during the cooling stage
after sintering, due to their differential contraction. This results
in interfacial shear stress, which poses a risk of delamination,
as well as tensile stress that can initiate cracks, thus leading to
sintering failure. Commercially, electroplating has been widely
used to deposit Ni electrodes in the production of Bi,Te;-based
thermoelectric devices." However, growing environmental
concerns spur significant research efforts toward developing
more sustainable and eco-friendly alternatives.

Magnetron sputtering has emerged as a state-of-the-art thin-
film deposition technique with universal substrate compati-
bility and scalability."” Such a vacuum-based deposition method
offers several unparalleled advantages including exceptional
film-substrate adhesion strength, broad material versatility
(spanning metals, oxides and nitrides), precise controllability of
composition and thickness, and outstanding thickness uni-
formity.*?»** This has been ubiquitously employed for fabri-
cating microelectronic architectures,'* precision optical and
photonic multilayers,"” advanced surface engineering coat-
ings,**'® energy conversion systems components,'” biomedical
implants interfaces'® and flexible electronic circuitry.'
Although this technique has yielded fruitful results in the
fundamental research and thin-film preparation of thermo-
electric films,"”**° its specific application in constructing high-
performance dedicated electrodes based on these materials
remains an area awaiting further exploration in current
research. These findings promote magnetron sputtering as
a potential manufacturing paradigm for scalable production of
durable electrode-barrier-thermoelectric junctions in thermo-
electric devices.

Guided by these critical insights, this work focuses on the
magnetron sputtering deposition of Ni electrode monolayers
and Ni electrode-Ti barrier bilayers on commercial Bi,Tes-
based thermoelectric, to meet the exacting interface stability
demands in both thermoelectric cooler and generator (Fig. 1a).
Both Ni and Ti layers with uniform thickness can be repro-
ducibly fabricated. The nano-interlayers are found to in situ
form at Ni-Bi,Te; and Ti-Bi,Te; interfaces during processing,
which creates atomic-scale interfacial bridging across the
junctions. These enable remarkable interfacial bonding
strengths of ~23 MPa and ~18 MPa, further accompanied by
competitively low interfacial contact resistivities of ~21 mQ cm?
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Fig. 1 Schematic of the setup for magnetron sputtering (a), and
interfacial contact resistivity and bonding strength for Ni- and Ni-Ti—
Bi,Tes-based junctions (b), in comparison with literature values.”*
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and ~31 mQ cm? for the Ni-Bi,Te; and Ti-Bi,Te; interfaces,
respectively (Fig. 1b). The highest bonding strength is achieved
here as compared to the ever-reported Ni-Bi,Te;-based junc-
tions. Eventually, the one-pair thermoelectric modules exhibit
a maximum cooling temperature difference of ~53 K at the hot-
side temperature of 298 K and a sustained conversion efficiency
of ~4.8% under the temperature gradient of 180 K. These
findings prove magnetron sputtering as a scalable, industrially
compatible deposition technique for the fabrication of elec-
trode-barrier-thermoelectric junctions in robust thermoelec-
tric devices.

2. Results and discussion

Bi,Te;-based thermoelectric generators show great promise for
low-grade waste heat recovery (<500 K). Ni serves as a standard
electrode material for Bi,Tes;-based thermoelectric coolers, but
it undergoes detrimental interfacial reactions with thermo-
electric materials at elevated temperatures.”*** Ti has been
identified as an effective barrier, successfully suppressing the
reaction between Ni electrode and Bi,Tes;-based thermo-
electric.®”%* In this work, magnetron sputtering is employed to
deposit precisely controlled Ni electrode and Ti barrier layers on
Bi,Tes;-based thermoelectric materials, establishing an opti-
mized interfacial architecture for enhanced device stability.
Commercial p-type BiysSby sTe; and n-type Bi,Te, ;Seq 3 ther-
moelectric materials were procured from Xiamen Xiameritan
Technology Company. The detailed layer deposition, charac-
terization, and performance measurements of materials and
devices are given in the SI.

The interfacial microstructures of deposited Ni monolayer
and Ni-Ti bilayers on both Bi, 5Sb, sTe; and Bi,Te, ;Se, ; were
characterized using scanning electron microscopy (SEM), as
shown in Fig. 2a, b and S1, respectively. Dense and uniform Ni
and Ti layers with thicknesses of ~500 nm and ~300 nm,
respectively, are controllably deposited. Continuous interfaces
devoid of microscale voids or crack defects indicate good
bonding integrity at both Ni/Ti-thermoelectric and Ni-Ti
junctions.

Transmission electron microscopy (TEM) observations
coupled with energy-dispersive X-ray spectroscopy (EDS) anal-
ysis were further performed on Ni-BiysSb; sTe; and Ni-Ti-
Biy 5Sb; 5Te; junctions for the atomic-scale investigation of the
interface morphology, chemical composition, and interdiffu-
sion behavior at the Ni/Ti-thermoelectric and Ni-Ti junctions.
Low-magnification TEM image and corresponding EDS
mapping reveal clean interfacial transition with well-defined
Ni-Ti and Ti-Biy5Sb,sTe; boundaries, which exhibit no
notable elemental enrichment (Fig. 2c).

As shown in Fig. 3a and b, it is remarkably observed that
nano-interlayers with thicknesses of 15-20 nm are spontane-
ously formed at both the Ni-Bi, 5Sb; sTe; and Ti-Bi, 5Sby 5Te;
interfaces. The interlayers contain Ni/Ti, Bi, Sb and Te elements
(Fig. S2), with their concentrations gradually varying across the
interlayer regions, as evidenced by the EDS line-scan results
(insets, Fig. 3a and b). The phase compositions and atomic
arrangements of the nano-interlayers are further characterized

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Scanning electron microscopy (SEM) images of Ni—Big sSb; s-
Tes (p-type) (a) and Ni-Ti—-BigsSby sTes (p-type) (b) junctions. Trans-
mission electron microscopy (TEM) image (c) and corresponding
energy-dispersive X-ray spectroscopy (EDS) mapping of the Ni-Ti—
Big sSbysTes junction.
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Fig. 3 Low- and high-resolution TEM images (a and b) with corre-
sponding fast Fourier transform (FFT) images (c and d) of Ni-Bigs-
Sby sTes (a and c¢) and Ti—BigsSbysTes (b and d) interfaces at the Ni—
Big.sSb1sTes and Ni—Ti—Big sSb; sTes junctions. EDS line-scan results
are shown as insets in (a) and (b).

by high-resolution TEM observations and fast Fourier trans-
formation (FFT) analyses, as shown in Fig. 3c and d. The phase
for the nano-interlayers is revealed to be Bi, 5Sb; sTes, crystal-
izing in a hexagonal structure of the R3m space group. This
elucidates that there is no detectable formation of intermediate
phases between Ni/Ti and BiysSb;sTe; by the magnetron

This journal is © The Royal Society of Chemistry 2025
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sputtering process used here. The disordered arrangement near
the boundary underscores the incoherent atomic characteristics
of the Ni-Bi, ;Sb, sTe; and Ti-Bi, sSb, sTe; interfaces. Similar
interfacial behavior has been observed in the Co-MgAgSb
junction that achieves extraordinary bonding strength.” More-
over, the TEM characterizations on the Ni-Ti interface show the
presence of ~20 nm domains at the phase boundary (Fig. S3a),
which are composed of the metallic phases of NiTi alloys
(Fig. S3b). All these results indicate the limited interfacial
diffusion or reaction at the Ni/Ti-Biy 5Sb, sTe; and Ni-Ti inter-
faces, suggesting the potentially strong chemical bonding at the
heterointerfaces of Ni-Bi, 5Sb, sTe;, Ti-Big 5Sb, sTe; and Ni-Ti
junctions.

To evaluate the interfacial bonding strength, tensile tests
were performed on the Ni-Bi, 5Sb; 5Tesz, Ni-Bi,Te, ,Seq 3, Ni-Ti-
Biy 5Sby sTe; and Ni-Ti-Bi,Te, ;Seq; junctions. The thermo-
electric materials (5 mm x 4 mm x 5 mm) with Ni or Ni-Ti
layers deposited on both surfaces were initially adhered to the
screws using a high-strength adhesive, as shown in the inset of
Fig. 4a. Three independent tensile specimens were prepared for
each interfacial junction configuration to ensure statistical
reliability. The tests were conducted using a universal testing
machine under displacement control at a constant rate of 0.5
mm min~ ", which strictly maintained vertical alignment in
accordance with ASTM standard.>

As shown in Fig. 4a and S4, the average bonding strength for
Ni-Bi, 5Sb, sTes;/Bi,Te, ;Se, 3 junctions reaches ~23 MPa, rep-
resenting the highest reported value among all Ni-Bi,Te;-based
junctions to date (Fig. 1b).”#*' In addition, the average bonding
strength of ~18 MPa is achieved in Ni-Ti-Biy sSb; sTes/Bi,-
Te, ;Sey; junctions, which is still much higher than most
results for similar systems. Fracture surfaces were probed
through SEM and EDS characterizations (Fig. S5). The fractures
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Fig. 4 Tensile stress versus strain (a) and interfacial contact resistivity
(b) for Ni/Ni—Ti—BigsSbysTes and Ni/Ni-Ti—-Bi,Te,7Seq3 junctions.
Power factor PF (c) and zT (d) as a function of temperature for Big 5-
SbysTes and BiyTe,;Seps in comparison with literature values.>22*
Photograph of the tensile test specimen is shown as an inset in (a).
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predominantly occur at the Ni/Ti-thermoelectric interfaces,
confirming that the measured tensile strengths reflect true
interfacial bonding performance.

In addition to the robust interfacial bonding, low interfacial
contact resistivity is a critical parameter for determining the
power output and conversion efficiency of thermoelectric
devices. Here, the interfacial contact resistances (R.) for various
junctions were measured by the four-probe method, and the
corresponding results are shown in Fig. 4b and S6-S9. The
average R. from six independent Ni-Bi, 5Sb; sTe; and Ni-Bi,-
Te, ;Seq.; specimens was found to be 1.46 mQ and 1.31 mQ,
which correspond to the contact resistivities (p.) of ~23 uQ cm?
and ~21 pQ cm?, respectively. The Ni-Ti-Bi, sSb; sTe; and Ni-
Ti-Bi,Te, 5Se, ; interfaces exhibit interfacial contact resistivities
of ~33 uQ ecm? and ~31 pQ cm?, respectively. These values are
slightly higher than those of Ni-Bi, 5Sb, 5Te; and Ni-Bi,Te, -
Se, ; interfaces, which can possibly be understood by the greater
work function difference between Ti (4.33 eV) and Bi,Te; (5.3
eV) than that between Ni (5.15 eV) and Bi,Te;.>* Nevertheless, all
measured interfacial contact resistivities here remain competi-
tive with the ever-reported results (Fig. 1b). Both exceptional
interfacial bonding strength and competitive interfacial contact
resistivity collectively validate the potential effectiveness of
magnetron-sputtered layers in ensuring both exceptional
mechanical integrity and power output of the thermoelectric
modules.

For further revealing the favorable effect of magnetron-
sputtered layers on cooling/generation performance and
mechanical integrity, a thermoelectric cooler was assembled
using single-pair Ni-Bi, 5Sb; sTe; (p) and Ni-Bi,Te, ;Seq; (n)
legs (1.6 mm x 2 mm X 5.5 mm and 1.6 mm X 1.6 mm X 5.5
mm), while a thermoelectric generator was constructed with Ni-
Ti-Biy 5Sb; 5Te; (p) and Ni-Ti-Bi,Te, ;Seq 3 (n) legs (1.6 mm x
1.6 mm x 5 mm and 2 mm x 1.9 mm x 5 mm). Systematic
transport property measurements were performed on
commercial BiysSb, sTe; and Bi,Te,,Sey; thermoelectric
materials (Fig. S10). These materials exhibit room-temperature
power factors of ~36 pW ecm™* K2 and ~39 pW cm ' K2
(Fig. 4c), with zT values of ~0.9 and ~0.77 (Fig. 4d), respectively.
Finite element simulation incorporating leg geometry optimi-
zation was performed to achieve the ideal maximum cooling
temperature difference (ATpax) based on the materials’ ther-
moelectric properties (Fig. S11a).>” The hot-side temperature is
fixed at 298 K. An ATy, of ~53 K is achieved for the cooler at an
optimized current, as shown in Fig. 5a, b and S11b. The ob-
tained AT.x shows excellent agreement with theoretical
prediction considering interfacial resistances, achieving ~95%
of the ideal ATy, predicted for resistance-free interfaces
(Fig. 5b).

Furthermore, the performance of the thermoelectric gener-
ator is measured under a fixed cold-side temperature of 290 K
(Fig. 5¢, d and S12). The output voltage (V) exhibits a linear
dependence on current across different temperature gradient
(AT), with the intercept and slope corresponding to the open-
circuit voltage (V,.) and internal resistance (R;,), respectively
(Fig. 5¢). Both V,. and R;, show a positive correlation with AT.
The increase in V,. originates from the increased Seebeck
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Fig. 5 Maximum cooling temperature difference (DTnax) as function
of time t (a) and current / (b) for Ni-BipsSby sTes (p-type) and Ni-Bix-
Te,7Seq 3 (n-type) thermoelectric cooler at a hot-side temperature of
298 K, with a comparison to the theoretical predictions. Output
voltage and power (c) and conversion efficiency (d) as a function of
current for Ni-Ti-Big sSby s Tes (p-type) and Ni-Ti-BixTe, 7Seq 3 (n-type)
thermoelectric generator at various temperature gradient. Photo-
graphs of thermoelectric cooler and generator are shown as the insets
in (b) and (d), respectively.

coefficient of the materials below 400 K and the growing AT at
higher temperatures (Fig. S10a). The rise in R;,, primarily results
from the increasing electrical resistivity of the materials
(Fig. S10b). Ultimately, a maximum Py,,x of ~16.8 mW and
a maximum conversion efficiency (nmnax) of ~4.8% are achieved
at a AT of 180 K. These results demonstrate Bi,Tes-based ther-
moelectric generators as a promising sustainable energy tech-
nology for low-grade waste heat recovery (T < 500 K).

The obtained 7. at different AT for the thermoelectric
generator in this work is found to rank among the highest re-
ported Bi,Te;-based thermoelectric generators®»** (Fig. 6a). The
long-term measurements, shown in Fig. 6b, reveal no observ-
able degradation in V¢, Pmax and 7ax for Ni-Ti-Bi 5Sb, sTes (p)
and Ni-Ti-Bi,Te,,Seqs (n) thermoelectric generator. These
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Fig. 6 Maximum conversion efficiency (9max) for Ni-Ti—BigsSby sTes
(p) and Ni-Ti—-BiyTe,7Seq s (n) thermoelectric generators at various
temperature gradients, in comparison with literature values®*?* (a).
Open-circuit voltage (Voc), maximum output power (Prax) and nmax
during the long-term measurements (b).
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results conclusively demonstrate the exceptional mechanical
integrity of the magnetron-sputtered electrode-barrier-ther-
moelectric interfaces, which is crucial for ensuring reliable
long-term generator operation at elevated operating
temperatures.

3. Summary

In summary, an industrial-compatible technique of magnetron
sputtering enables a reproducible and controllable fabrication
of Ni electrode monolayer and Ni electrode-Ti barrier bilayers
on Bi,Tez-based thermoelectric materials. The in situ formed
nano-interlayers at the interfaces create atomic bonding of the
heterojunctions, yielding superior interfacial bonding strength
(>18 MPa). Such interfacial bonding achieves competitively low
interfacial contact resistivities of <24 pQ cm? and <33 pQ cm?
for Ni electrode-/Ti barrier-thermoelectric junctions, respec-
tively. Both competitive interfacial resistivity and exceptional
bonding strength guarantee the achievements of a cooling
temperature difference of ~53 K at the hot-side temperature of
~298 K and a durable conversion efficiency of ~4.8% at the
temperature gradient of ~180 K. This work strongly demon-
strates the robustness of magnetron-sputtered electrode—
barrier-thermoelectric interfaces for ensuring mechanical
integrity with low interfacial resistivity of the thermoelectric
generators, providing new perspectives for the scalable fabri-
cations of electrode and barrier layers in other thermoelectric
material systems.

Data availability

The data are also available from the corresponding authors
upon request.

The data that support the findings of this study are included
in the main article and SI. Supplementary information : mate-
rials and methods details; SEM/TEM images and EDS elemental
mapping for the Ni-Biy sSb, sTe; and Ti-Bi, 5Sby sTe; junctions;
tensile stress versus strain curves for the junctions; measure-
ments of the interfacial contact resistance for six junction
specimens; the thermoelectric properties of the materials;
theoretical simulations of the cooling performance for a single-
pair module; and output performance testing of the power
generation module. See DOI: https://doi.org/10.1039/
d5ta06391d.
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