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PUBLIC SUMMARY

= Bi,Te; films are promising for compact thermoelectric generators and light detectors.
= PEF treatment crystallizes key interfaces and reduces carrier scattering.
= Magnetic Co nanopatrticles tune carrier transport through magnetoelectric interaction.

= The optimized film improves thermoelectric output and ultraviolet photodetection.
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Bi,Te; films play a pivotal role in semiconductor applications, particularly
for thermoelectric and photo-thermoelectric energy conversion. Doping is
the primary method to regulate their functional properties, yet parameter
trade-offs cap the achievable power factor and detectivity. Here, we intro-
duce a synergistic strategy combining pulsed electric field (PEF) treatment
with magnetic nanoparticle incorporation to achieve the decoupling of elec-
trical transport parameters. PEF treatment facilitates the crystallization of
the carbon nanotube (CNT)/Bi,Te; interface and the formation of a coher-
ent Co/CoTe,/Bi,Te; interface, which increases carrier transport pathways
while reducing carrier scattering, significantly enhancing carrier mobility.
Magnetic Co nanoparticle incorporation induces magnetoelectric interac-
tion, boosting the density-of-states effective mass, while both Co nanopar-
ticles induce carrier injection, increasing the carrier concentration. Conse-
quently, a synergistic enhancement of carrier mobility, density-of-states
effective mass, and carrier concentration is realized in Bi,Te; film. Further-
more, we fabricated single-leg thermoelectric and optoelectronic devices
that achieve high output power density of 10.26 W m™ at a temperature
difference of 39 K and excellent detectivity of 5.95x10° Jones at 365 nm
light illumination, respectively. This work highlights the significant role of
interface modulation and magnetoelectric interaction in regulating electri-
cal transport properties.

INTRODUCTION

Since the discovery of Bi,Te; as a functional semiconductor in the early
1950s, it has shown great promise in the fields of thermoelectrics, photo-
thermoelectrics, and spintronics due to its unique chemical bonding mecha-
nism and electronic band structure.” Nowadays emerging industries such as
5G communications, wearable electronics, and the Internet of Things call for
miniaturized devices based on high-performance Bi,Te, films.” Doping has
been widely employed to tailor the performance of Bi,Te; films, and dopant-
induced electronic property tuning plays a critical role in enhancing thermo-
electric and photo-thermoelectric performance.” The key quantities of elec-
trical transport properties are the power factor (PF, PFe< m=un™"®) for thermo-
electric performance, and the detectivity (D, Dxe<m»'2n7"®) for photo-ther-
moelectric performance. They are closely related to the density-of-states
effective mass me, carrier mobility 1, and carrier concentration n."” Therefore,
it is only through the synergistic regulation of 1, m+ and nthat PFand D can
be enhanced. However, an enhanced m* induced by dopants often results in
reduced w.” Doping that optimizes n tends to reduce p."” Thus, optimizing
thermoelectric and photo-thermoelectric performance remains a significant
challenge.

To address the limitation of dopant-induced electronic property modula-
tion, additional degrees of freedom have been introduced to enhance u and
overall performance. For instance, texture modification by the synthesis of
single crystals and increasing the grain size in anisotropic Bi,Teg is an impor-
tant approach to enhance p.'""'* However, the relatively long preparation
process and the limited mechanical robustness of single crystals still pose
challenges for their practical implementation.”'* The complexity of the
process for increasing grain size also hinders its scale-up application.'®
Moreover, texture modification has no effect on the electronic band structure
or constituents, and thus does not affect m+ and n.'" Another method to
enhance  is the embedding of high-mobility carbon nanotubes (CNT) as

additional carrier transport channels in Bi,Tes, as proposed by Jin et al.'
Nevertheless, CNT incorporating does not alter the electronic band structure,
and thus the m» remains unchanged.”’® Meanwhile, an amorphous layer
forms at the CNT/Bi,Tes interface, restricting a substantial improvement in
U In this regard, eliminating the amorphous layer to enhance mobility while
introducing other additives that increase the m* and regulates n are the best
choices for further performance improvement of Bi,Te; films.

In bulk thermoelectrics, the electrical transport properties can be effec-
tively decoupled by magnetic nanoparticles incorporation.”””' Embedding
BaFe;,0,9 Nanoparticles into Bagslng3Co,Shy, matrix induces the trapping of
electrons below the Curie temperature (7¢) and the release of the trapped
electrons above T via a magnetic transition of BaFe;,0,9 from ferromag-
netism to paramagnetism, simultaneously enhancing n and Seebeck coeffi-
cient despite their conventional trade-off.* Co magnetic nanoparticles in
BayslngsCo4Shy, giverise to electron multiple scattering, increasing scatter-
ing parameters and Seebeck coefficient. Moreover, the introduction of CrSb
magnetic particles into bulk Bi,Te; induces a drag effect that increases the
m+ and thermoelectric performance.” Inspired by magnetoelectric interac-
tion in bulk thermoelectrics, introducing suitable magnetic nanoparticles into
Bi, Te; films may offer more advanced routes for tailoring electrical transport
properties. This could expand the tuning space and thus create new opportu-
nities for enhancing PFand D.

In this work, a synergistic optimization of the electrical transport properties
in CNT embedded Bi,Te; films has been realized by modulating interfaces
and introducing magnetoelectric interaction. The crystallized CNT/Bi,Te;
interface and the coherent Co/CoTe,/Bi,Te; interface are formed by a pulsed
electric field (PEF) treatment. This optimizes carrier transport pathways while
suppressing interfacial scattering, significantly enhancing p. The incorpora-
tion of magnetic Co nanoparticles gives rise to magnetoelectric interaction
and carrier injection, contributing to an increased m* and n. Moreover, the in-
situ formed CoTe, also induces carrier injection to increase n. As a result, we
have achieved synergistic enhancement of 1, n, and m*through PEF treat-
ment and magnetic nanoparticle incorporation. A high PFof 51.68 pW-cm™-K™
at room temperature is obtained in the PEF-Co/CNT/Bi,Te; film
(Figure TA)."**° The single-leg thermoelectric and optoelectronic devices
achieve a high output power density of 10.26 W m™ at a temperature differ-
ence of 39 K (Figure 1B)*"™ and an excellent D+ of 5.95x10° Jones under
365 nm light illumination (Figure 1C, calculated by Formula 1), respectively.”' ™
This work demonstrates that the synergistic combination of interface modu-
lation and magnetoelectric interaction effectively decouple electrical trans-
port parameters, enabling high-performance Bi,Tes films for thermoelectric
power generation and photo-thermoelectric detection.

MATERIALS AND METHODS
Choice of the SiO, substrate

First, SiO, is an electrically insulating material. The insulating substrate
helps prevent the applied PEF from being shunted through the substrate,
ensuring that the electric-field effect is effectively introduced into the
CNT/Co/Bi,Te; film. Second, SiO, is an amorphous substrate, the growth
orientation of Bi,Te; film on the SiO, is less affected by substrate-induced
effects. Based on these considerations, SiO, was selected because it
provides good electrical insulation during PEF treatment and minimizes the
influence of the substrate on the growth orientation of the Bi, Te; film.
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Figure 1. Superior thermoelectric and photodetection performance of the PEF-Co/CNT/Bi,Te; film (A) Comparison of room-temperature power factor as a function of carrier
concentration for the PEF-Co/CNT/Bi,Tes film and previously reported Bi, Tes-based materials. (B) Comparison of output power density versus temperature difference for the PEF-
Co/CNT/Bi,Te; film device and previously reported Bi, Tes-based film generators. (C) Comparison of detectivity under 365 nm light illumination for the PEF-Co/CNT/Bi,Tes film
device and previously reported Bi, Te;-based photodetectors from the ultraviolet to far-infrared regions.

CNT substrate by spin coater

CNT solution with mass concentration of 0.02% is spin coated on the SiO,
substrate with six successive layers by spin coater. The spin coating speed is
10000 rpm. The spin coating acceleration 2000 rpm. Each spin coating time
is 90 s. After spin-coating CNT, the Bi,Te; film is deposited on the substrate.
The surface morphologies of the Bi,Tes film and the CNT/Bi,Tes film, as
shown in Figure ST. The Bi,Te; film and the CNT/Bi,Te; film show uniform
and compact morphology. Although some local surface fluctuations are
observed in the CNT/Bi,Te; film, the overall film surface remains compact
and continuous. Therefore, the optimized CNT spin-coating process does not
significantly deteriorate the smoothness or continuity of the subsequently
deposited Bi,Tes film.

Magnetron sputtering for Co and Bi,Te; composite films

The multilayer Co/Bi,Te; structure was adopted to preserve the Co
nanoparticles and their magnetic performance. First, compared with co-sput-
tering, layer deposition can control the distribution of Co in the Bi,Te; and
prevent Co from completely reacting with Te to form Co-Te bonds. In previ-
ous study, co-sputtering of Co and Bi,Te; was found to be easy to generate
CoTe, due to the difference in electronegativity of Co and Te, which weakens
the magnetic from metallic Co. The layer deposition of Bi,Te; and Co enables
Co to be embedded as discontinuous nanoparticles within the Bi,Te; film.
Therefore, this structure can retain magnetic moments and generate local
magnetic fields, which contribute to carrier regulation and magnetoelectric
interaction. Second, we previously prepared Co/Bi,Te; films with three differ-
ent number of layers, including 5 layers, 9 layers and 17 layers. Among them,
the film with layers of 9 exhibited the best thermoelectric performance
(Figure S2). Therefore, the layer of 9 was selected in the subsequent work.
Finally, because Co is susceptible to oxidation when exposed to air, Bi,Tes
was deposited as the top layer to isolate the Co nanoparticles from direct
surface exposure, thereby to preserve the magnetic performance (Bi,Te; of 5
layers, Co of 4 layers).

During the magnetron sputtering process for fabricating the composite
films, the base pressure is 3.0x107° Pa, the working pressure is 0.8 Pa. The Ar
flow rate is 80 SCCM. The substrate temperature is 220°C. Bi,Te; films are
deposited by medium frequency magnetron sputtering with sputtering power
of 240 W. Each Bi,Te; layer is sputtered for 180 s, with five layers. Co is
deposited by direct current magnetron sputtering with sputtering power of
280 W. Each Co layer is sputtered for 5 s, with four layers.

PEF treatment

Co/CNT/Bi,Te; films are post-treated using PEF, as shown in Figure S3.
The pulse current is 0.3 A. The pulse period is 0.1 s. The treatment time is
600 s.

TE devices and photodetector device

The size of PEF-Co/CNT/Bi,Te; films is 10 mmx10 mm. The electrode in
the TE device is Ag. In photodetector device, the interdigital electrodes are
made of Pt. Because the work function of Pt is relatively large, it is easier to
achieve self-driven operation of photodetector device. TE devices and
photodetector device are all fabricated using individual n-type PEF-
Co/CNT/Bi,Te;s films.

Interface calculation

The electronic band structures of Bi,Te; and its composite structures were
calculated based on density functional theory (DFT) using the Vienna Ab-
initio Simulation Package (VASP). For specific details, please refer to the
Supporting Information. Specific model construction parameters for simulat-
ing the internal magnetic field strength of Co/Bi,Te; by COMSOL Multi-
physics. The simulation was carried out using the Magnetic Fields, No
Currents module. The model consisted of Co nanoparticles with a diameter of
20 nm embedded in a Bi,Te; matrix represented by a cube with an edge
length of 100 nm. The Co was assigned a recoil magnetic permeability of
1.05 and a remanent magnetic flux density of 0.145 T. The Bi,Te; matrix was
approximated as a non-magnetic material with a relative magnetic perme-
ability of 1. Magnetic insulation with nB=0 was applied as the boundary
condition.

Structural and performance measurement

CNT network structure was analyzed using an Atomic Force Microscope
(AFM, Nanosurf, Flex-Axiom, Switzerland). The surface and cross-sectional
morphologies were analyzed by Scanning Electron Microscopy (SEM, FLASH,
Apreo 2, Thermo Fisher, USA). Interface of composite film is determined by
Transmission Electron Microscopy (TEM, Spectra Ultra S, Thermo Fisher,
USA). The magnetic field and magnetic domain around Coare determined by
Lorentz TEM (Talos f200x, Thermo Fisher, USA). CoTe, content were
analyzed by Raman spectrometry (RM2000, Renishaw, UK; A=532 nm). Work
function of the thin film was analyzed using Ultraviolet Photo-electron Spec-
troscopy (UPS, Thermo Scientific, Nexsa, USA). Magnetic hysteresis loop was
analyzed using Vibrating Sample Magnetometer (VSM, LakeShore, 7404,
USA).

Resistivity, Seebeck coefficient, and power factor were measured using the
Seebeck Coefficient/Electric Resistance Measurement System (ZEM-3;
Advance-Riko, Japan). Carrier concentration and mobility were measured by
the Hall Effect Measurement System (MMR-K7250- 5RLP, USA). The open-
circuit voltage and power density of the film was measured by a digital
source meter (Keithley, 2450, USA), as shown in Figure S4. The heat transfer
process is obtained through an infrared thermal imager (FOTRIC 3610,
China). The film /,, and /4 are tested by using the photocurrent testing
system (Keithley, 2400, USA), as shown in Figure S5. Under the test system
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composed of 0.365-14 um, (A) light source meter (0.01 W/cm?) and
photocurrent testing system (Keithley, 2400, USA), the time dependence and
R of the film photodetector are tested.

Formula

Dx = \/(A-Af)/NEP 0

Where A is effective area of the detector, m% Af is representing the
frequency range that the detector can respond to, Hz; NEP=In/R, NEP is mini-
mum optical power, W-Hz™", In is noise current after turning off the light
source, A; Ris responsivity, AW,

U 2MsV
B(r):ﬁ~ -

&)

Where  is relative permeability, 4x107" H-m™; Ms is saturation magnetiza-
tion intensity, 1.44x10° A-m™"; Vis volume of Co, 4.19x1072* m?,

Pdensuy = ’Dou(/A (3)

Where P, is output power, W; Pyengiy iS oUtput power density, Wm™; A is
the effective device area, m?

EQE =R-1240-100%/A (4)

Where A is response band, nm.

RESULTS AND DISCUSSION
Modified microstructures by pulsed electric field treatment

Among various ferromagnetic candidates, Co nanoparticles were selected
in this study because the strong magnetic properties and easily formed as
nanoscale magnetic domains. Magnetic Co nanoparticles have been proven
to optimize the thermoelectric property in CoShs-based and Mgs(Sh,Bi),-
based thermoelectric materials.””*® Thus, we added Co nanoparticles to intro-
duce magnetism as an initial property optimization step in CNT embedded

ith pulsed electric field treatment

Figure 2. Microstructural characterization and
interfacial features of the PEF-Co/CNT/Bi,Te;
film (A) Cross-section TEM image and correspond-
ing elemental mappings of the Co/CNT/Bi,Tes film.
(B) The interface of CNT and Bi,Te; of the
Co/CNT/Bi,Tes film. (C) The interface of Co and
Bi, Te; of the Co/CNT/Bi,Te; film. (D) The interface
of CNT and Bi,Te; of the PEF-Co/CNT/Bi,Tes film.
(E) The interface of Co and Bi,Te; of the PEF-
Co/CNT/Bi,Tes film.

Bi,Tes. In Bi,Tes films, constructing multilayer
structures can synergistically regulate the
thermoelectric transport behavior, and thereby
Co is incorporated as nanoscale layers into
Bi,Te, films in this work.” " Firstly, CNT solu-
tion was spin-coated onto a SiO, substrate to
form a CNT film, and the individual CNTs have
an average diameter of ~1.78 nm and form a
network structure, as displayed in Figure S6.
Secondly, nine alternating layers of Co and
Bi,Te; were deposited onto a CNT substrate
by magnetron sputtering to form the
Co/CNT/Bi,Te; films with a thickness of
approximately 1005 nm (Figure S7). To exam-
ine the form of Co, the I-V curve and surface
morphologies were characterized. The non-
Ohmic |-V behavior indicates that Co does not
form a continuous metallic conduction path,
otherwise, a nearly linear Ohmic response
would be expected (Figure S8), and transmis-
sion electron microscopy (TEM) and atomic
force microscopy (AFM) images further
confirm that Co exists as nanoparticles (Figure

S9).

Figure 2A shows the TEM image and corresponding elemental mappings
of Co/CNT/Bi,Te; film. The CNTs are uniformly distributed in the thin film
(Figure 2A1). Cross-sectional mappings reveal that Bi and Te exhibit a homo-
geneous distribution throughout the Co/CNT/Bi,Tes film, while Co exhibits
pronounced enrichment layers (Figures 2A2-4). The Co content is deter-
mined to be approximately 1.73%. To further uncover the interfacial relation-
ship of Bi,Tez with Co and CNT, aberration-corrected scanning transmission
electron microscopy (STEM) was utilized. As shown in Figure 2B1, a signifi-
cant amorphous layer is observed at the CNT/Bi,Te; interface. The fast
Fourier transform (FFT) image shows both the Bi,Te; diffraction spots and a
pronounced diffuse amorphous halo (Figure 2B2), indicating the presence of
the interfacial amorphous layer. As illustrated in Figure 2C1, the STEM image
reveals a sharp and well-bonded interface between the Co layer and the
Bi,Te; matrix. The FFT pattern exhibits two distinct sets of diffraction spots
(inset of Figure 2CT), originating from the Co and Bi,Te; phases, confirming
their different crystal orientations across the interface. Notably, the interface
exhibits numerous misfit dislocations (Figure 2C2). These dislocations act to
accommodate the lattice mismatch between the two phases. This structural
feature is the hallmark of a semi-coherent interface, i.e., the Co/Bi,Te; inter-
face is semi-coherent. The presence of the amorphous layer and the semi-
coherent interface at the boundary introduces strong scattering sources for
charge carriers, which impedes carrier transport and limits a substantial
increase in u (see a schematic diagram in Figure S10).

During the fabrication of films like Zr, Co, Zn0O, and Sb,Te,, introducing an
electric field can facilitate atomic migration, modify the atomic growth orien-
tation, and affect domain wall motion.***" Similarly, the electrostatic force
induced by PEF treatment was found to drive atomic migration at grain
boundaries and promote the transformation of high-angle grain boundaries
into low-angle grain boundaries in previous study on pure Bi,Te; films.”” To
modulate CNT/Bi,Te; and Co/Bi,Te; interfaces, we applied pulsed electric
field (PEF) treatment to the as-prepared samples. After PEF treatment, the
amorphous layer disappears (Figure 2D1), accompanied by the absence of
the amorphous halo in the FFT image (Figure 2D2), indicating that the PEF
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treatment induces crystallization of the CNT and Bi,Te; interface. This
enhances carrier transport pathways. Meanwhile, a CoTe, nanolayer forms
between Co and Bi,Te;, as shown in Figure 2E1. The Raman spectrum of the
sample before PEF treatment exhibits only one peak associated with Co. In
contrast, after PEF treatment, two distinct peaks appear, which are charac-
teristics of Co and CoTe, further confirming the existence of CoTe,
(Figure S11).°” The negligible misfit dislocations at both the Co/CoTe, and
CoTe,/Bi,Te; interfaces indicates a well-defined coherent relationship
between them (Figure 2E2). The PEF-induced crystallization of the
CNT/Bi,Te; interface and the formation of the coherent Co/CoTe,/Bi,Te;
interface will enhance carrier transport. Notably, during PEF treatment of the
Co/CNT/Bi,Tes films, the surface temperature initially rises and then gradu-
ally stabilizes (Figure S12). The small surface-temperature increase of 3.2 K
indicates that the formation of CoTe, is not caused by the thermally driven
interfacial reaction. This is because the electric-field force provided by PEF
treatment promotes atomic migration. The applied electric field exerts elec-
trostatic force on interfacial atoms during PEF treatment. Because Co and
Bi, Te; have different work functions and electronic structures, charge redis-
tribution occurs at the Co/Bi,Te; interface, leading to a localized electric-field
effect near the heterointerface.”” Therefore, the formation of CoTe, is
attributed to an electric-field interfacial reaction induced by PEF treatment,
rather than to thermally driven reaction.

Electrical transport behavior

Figure 3A shows the room-temperature carrier concentration n and mobil-
ity u of CNT/Bi,Tes, Co/CNT/Bi,Te; and PEF-Co/CNT/Bi,Te; films. The n
increases with Co addition, while PEF treatment does not change it. To probe
the mechanism of the variation of n, the UPS spectrums were employed. The
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work functions (¢,,) of Co (5.0 eV) and CoTe, (4.7 €V) are lower than that of
Bi, Te; (5.3 eV), indicating Ohmic contact for Co/Bi,Te; and Co/CoTe,/Bi,Tes
interfaces (Figure 3B). Driven by the chemical potential difference, electrons
will move directionally from Co and CoTe, to Bi, Te; until a new equilibrium is
established near the interface, namely carrier injection.”” And CoTe, is formed
in situ as atomic-level interfacial layer between Co and Bi, Te; after PEF treat-
ment. Although the CoTe, has a lower work function than Bi,Tes, it does not
introduce a large amount of additional carrier source. Therefore, the n is
significantly enhanced after Co addition by carrier injection. As shown in
Figure 3A, both PEF treatment and Co incorporation enhance the carrier
mobility 1. The p enhancement may be attributed to the one-dimensional
tubular structure provide high-mobility transport pathways along the tube
direction.**” However, the amorphous CNT/Bi,Te; interfacial in the untreated
film hinders carrier transfer between CNTs and Bi,Te;. Therefore, the u
enhancement by PEF treatment is attributed to the elimination of the amor-
phous layer and the formation of a coherent interface, together with the low
interfacial resistance of the Co/CoTe,/Bi,Te; heterointerface.

The charge-density difference is used to evaluate the interfacial charge
redistribution and electronic coupling at the Co/CoTe,/Bi,Te; interface. The
charge accumulation at the interface indicates electron transfer and orbital
interaction between the interfacial components in the calculation (Figure 3C).
The continuous charge redistribution across the Co/CoTe,/Bi,Te; interface
suggests a more continuous carrier transport pathway across the heteroint-
erface. In addition, compared with the semi-coherent interface of highly
localized charge redistribution, a smoother interfacial charge distribution
means a reduced interfacial transport barrier. Therefore, carriers pass
through the Co/CoTe,/Bi,Te; interface with less interfacial scattering. This
contributes to an increased p. The p improvement by Co originates from the
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Figure 3. Carrier transport and built-in magnetic field mechanism in the PEF-Co/CNT/Bi,Te; film (A) Room-temperature carrier concentration and mobility of CNT/Bi,Tes,
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Co and Bi,Te;-Co junctions, where Z is the position of the atom. (D) Magnetic hysteresis loops of the PEF-Co/CNT/Bi,Te; film. (E) Lorentz TEM (LTEM) image, which shows
magnetic domain direction. (F) Built-in magnetic field of Co nanoparticles by COMSOL simulation. (G) Temperature-dependent electrical conductivity of CNT/Bi,Tes,

Co/CNT/Bi,Tes and PEF-Co/CNT/Bi,Tes films.

Yd uononouu| ay|

<

SJIS

J—

The Innovation Physics 1(1): 100014, September 28, 2026 5




www.the-innovation.org/the-innovation-physics

{20 : M Atomic and Molecular Physics |

Figure 4. Enhanced
through carrier and electronic  structure

thermoelectric  transport

(A ®-1001

-100f 1

PEF-Co/CNT/Bi,Te,

90 | = |
X

< -75+F “ 2.96[‘“A
e

(%]

A

S (pv-K")

CNT/Bi,Te,

-70 \

' CNT/Bi,Te, AN
\

regulation (A) Temperature-dependent  Seebeck
N ) coefficient of CNT/Bi,Te;, Co/CNT/Bi,Tes and PEF-
\ PEF-Co/CNT/Bi,Te, Co/CNT/Bi,Te; films. (B) Carrier-concentration-
N dependent Seebeck coefficient. (C) Total DOS of
N Bi,Tes, Bi,Tes-Co, and Bi,Tes-CoTe,-Co. (D) PDOS of
\ Bi,Tes-Co and Bi,Te;-CoTe,-Co. (E) Temperature-
dependent  power  factor of  CNT/Bi,Te,
Co/CNT/Bi,Tes and PEF-Co/CNT/Bi,Tes films.

R CNT/Bi,Te;, Co/CNT/Bi,Te;, and  PEF-
~ Co/CNT/Bi,Te; films. Owing to the inverse
relationship between nand S, S should gradu-

1 1 1 1 1 1 s 0
350 400 450 500 550 8.0E20

Temperature (K)

2.0E21

ally decrease with Co incorporation and PEF
treatment. However, the opposite trend is
observed. Besides its dependence on n, S also
depends on the density-of-states effective

n(cm3)

300 )
Bi,Te,-CoTe,-Co 150 - ,
250
Bi,Te,-Co 0k

200 100 o :

2150

PDOS

100 50 - 2

50

0 1 1 1 1 1

Bi,Te,-Co

Bi,Te,-CoTe,-Co mass m+. As shown in Figure 4B, mx is signifi-

"'l cantly enhanced from 2.96 m, for CNT/Bi,Tes
to 6.89 m, for Co/CNT/Bi,Tes and then to 8.49
m, for PEF-Co/CNT/Bi,Tes which compen-
sates for the conventional n-S trade-off and
leads to an improved S. In addition to the
increased density-of-states effective mass,
interfacial energy filtering may also contribute
to the enhanced S. Nevertheless, the domi-
nant contribution to the improved S is
attributed to the increased m*, as supported
by the carrier concentration and the
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a larger transport effective mass usually
reduces mobility when the relaxation time is
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carrier relaxation time through crystallizing the
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introduced ferromagnetism. The magnetic properties of the PEF-
Co/CNT/Bi,Tes film were characterized by vibrating sample magnetometer
(VSM) (Figure 3D). The film exhibits remanence and high coercivity, indicat-
ing the presence of magnetizable Co.” The increased coercivity reflects the
stabilization of magnetic domains around Co nanoparticles. Lorentz TEM
(LTEM) reveals magnetic vortex structures surrounding the Co nanoparticles
(Figure 3E). The formation of the CoTe, phase and its coherent interface with
Bi,Te; enhances the pinning of magnetic domain walls, which suppresses
domain expansion and contributes to the increased coercivity. Based on the
magnetic dipole model, the calculated magnetic field intensity is approxi-
mately 15 mT (Formula 2). COMSOL simulations further confirm a field inten-
sity range of 10-50 mT of Co nanoparticles (Figure 3F). Owing to the strong
spin-orbit coupling of the Bi,Te; film, this stable built-in magnetic field can
suppress multiple carrier scattering and modulate carrier transport pathways,
thereby increasing the carrier relaxation time and contributing to the
enhanced p.”"" Benefiting from the enhanced n and p, the electrical conduc-
tivity o is significantly increased after Co incorporation and PEF treatment
(Figure 3G). Room-temperature o is boosted from 35869 S cm™ for
CNT/Bi,Te; to 6951.3 S cm™ for Co/CNT/Bi,Tes, and then to 8804.6 S cm™
for PEF-Co/CNT/Bi,Tes.

Figure 4A displays the temperature-dependent Seebeck coefficient S of

AR CNT/Bi2T§3 interface and Col/CNT/BizTe3
G coherent interface, and enables simultaneous
enhancement of p and m*. This successfully

| decouples electrical transport parameters. To

500 investigate the effect of Co and CoTe, on the

electronic density-of-states DOS in Bi,Tes, we

conducted the DOS calculations for Bi, Tes, Co-
Bi,Tes, Co-CoTe,-Bi,Tes and the results are shown in Figures 4C-D. As can
be seen, Co and CoTe, incorporation markedly boost the DOS. The increased
DOS facilitates the enhancement of m+. The partial DOS (PDOS) results show
that the DOS enhancement in Co-Bi,Te; mainly originates from Co, whereas
in Co-CoTe,-Bi,Tes it comes from both Co and Te. Because of the enhance-
ment of n, y, and m= after Co incorporation and PEF treatment, the power
factor PF is gradually increased (Figure 4E). The ultrahigh PF of 51.68
pW-cm™"-K™ at room temperature is achieved in the PEF-Co/CNT/Bi,Tes film.

Thermoelectric and photo-thermoelectric devices

Based on the optimized PEF-Co/CNT/Bi,Te; films, we fabricated single-leg
thermoelectric and photo-thermoelectric devices. The output voltage and
output power of the thermoelectric device were measured as functions of the
temperature difference (Figure 5A). The output voltage of the thermoelectric
device increases with hot-end temperature, attributed to the enhanced
Seebeck coefficient under a larger temperature difference. Meanwhile, the
output current also increases with the temperature difference, indicating that
a larger thermal driving force enhances carrier transport and increases the
device's electrical conductivity. The maximum output power reaches 0.11 yW
at a temperature difference of 39 K. The power density of the film is calcu-
lated by Formula 3, thermoelectric devices achieve a high output power
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Figure 5. hermoelectric energy conversion and
photodetection  erformance of the PEF-
Co/CNT/Bi,Te; device (A) Variation of output power

with hot end temperature of PEF-Co/CNT/Bi,Te;
thermoelectric device. (B) Photocurrent-time curve
of PEF-Co/CNT/Bi,Te; photodetector. (C) Compari-
son of the responsivity for the PEF-Co/CNT/Bi,Te;
photodetector and previously reported Bi,Tes;-based
photodetector. (D) The responsivity, on/off ratio, and
external quantum efficiency under various bias volt-
ages of PEF-Co/CNT/Bi, Te; photodetector.
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erated carriers. Finally, the optimized composite

100 0
Output current (puA)
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density of 10.26 Wm™at AT =39 K.

Figures 5B & S13-S14 show the photocurrent-time curve of the PEF-
Co/CNT/Bi,Te; photodetector under ultraviolet, visible, and infrared illumina-
tion at O V bias, respectively. Upon ultraviolet illumination (365 nm), the
photocurrent (the difference between the total photocurrent and the dark
current) rapidly rises to ~0.85 mA and quickly returns to the dark current after
the light is turned off. The photocurrent remains stable over multiple on/off
cycles without degradation, demonstrating that the PEF-Co/CNT/Bi,Te;
photodetector enables stable and repeatable rapid photodetection. In
contrast, although Bi,Te; is a narrow-bandgap semiconductor and responds
to an infrared illumination range, the PEF-Co/CNT/Bi,Te; photodetector
shows relatively weak photoresponse and higher dark current under visible
(Figure S13) and infrared illumination (Figure S14). This indicates that the
device is more suitable for ultraviolet light detection than for visible and
infrared light detection. The stronger response under 365 nm illumination is
mainly attributed to the higher photon energy of ultraviolet light, which
enables more efficient carrier excitation and stronger local photothermal
conversion, thereby generating a larger light-induced temperature gradient
and a stronger photo-thermoelectric response. In addition, the introduction of
Co, CoTe,, and heterointerfaces create impurity-related energy levels, provid-
ing extra carrier excitation pathways and contributing to the broadband
photoresponse.

As can be seen from Figure 5C, the responsivity (R) of our PEF-
Co/CNT/Bi,Te; device at 0 V exceeds that of previously reported single-leg
Bi, Tes-based devices, showing strong potential for high-sensitivity ultraviolet
light detection.””" Figure 5D presents the R, on/off ratio (lo./ly), and EQE,
(Formula 4) under various bias voltages. Ultrahigh R is observed under nega-
tive bias, suggesting that a reverse electric field enhances the separation and
collection of photogenerated carriers, thereby improving the photoelectric
conversion efficiency. The device maintains a high I/l ratio under both
negative and positive biases, and EQE follows a bias-dependent trend similar
to that of R. These results confirm that the applied electric field treatment
effectively increases the collection efficiency of photogenerated carriers,
allowing more incident photons to contribute to the photocurrent. The
enhanced ultraviolet photoresponse is related to the optimized electrical
transport properties of the PEF-Co/CNT/Bi, Te; film. First, the increased S and
m* are beneficial for generating a stronger photo-thermoelectric voltage
under the light-induced temperature gradient. In addition, the enhanced oand

crystallizes the CNT/Bi,Te; interface and forms
a coherent Co/CoTe,/Bi,Tes interface, which increases carrier transport path-
ways and reduces carrier scattering, thereby boosting carrier mobility. The
enhanced density-of-states effective mass arises from magnetoelectric
interaction induced by magnetic Co nanoparticles, whereas the increased
carrier concentration results from carrier injection by both the Co nanoparti-
cles and the in-situ formed CoTe, phase. Consequently, the optimized film
achieves a power factor of 51.68 uW cm™ K™ at room temperature. The
fabricated single-leg devices realize a thermoelectric power density of 10.26
W m™at AT = 39 K and a photo-thermoelectric detectivity of 5.95x10° Jones
under 365 nm illumination, ranking among the best values for Bi,Tez-based
films. This work highlights the important role of interface modulation and
magnetoelectric interaction in decoupling electrical transport parameters to
enhance the thermoelectric and photo-thermoelectric performance.
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