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ABSTRACT
Interconnected networks of Bi0.89Sb0.11 crossed nanowires (CNWs) with controlled diameters were fabricated by electrodeposition within 
track-etched polyimide (PI) membranes, following a single irradiation step from multiple angles, by fine-tuning the density and pore 
diameter. These PI membranes exhibit excellent thermal resistance, allowing annealing at temperatures close to the melting point of the bis-
muth–antimony (Bi–Sb) alloy. For Bi0.89Sb0.11 CNWs with a diameter of 200 nm annealed at 285 �C, a significant increase in the Seebeck 
coefficient is observed, with values identical to those of the bulk alloy for temperatures between 170 and 320 K. Furthermore, a significant 
magneto-thermoelectric effect is observed at relatively low magnetic fields, which until now had only been reported in Bi–Sb alloy single 
crystals. The thermopower decreases with the reduction in nanowire diameter, as does the mobility of charge carriers. The temperature 
variations in electrical resistance and Hall coefficient are consistent with those of n-type semiconductors with narrow bandgap. These results 
are promising for obtaining flexible thermoelectric films for the direct conversion of wasted heat into electrical power.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0349868

Lightweight and flexible thermoelectric materials capable of 
directly converting thermal energy into electricity are attracting 
increasing interest for wearable electronics.1–8 Among the various 
flexible thermoelectric systems, networks of interconnected nanowires 
electrodeposited in cross-porous polymer membranes are particularly 
promising because their architecture, dimensions, and composition 
can be readily tailored.9–14 A key advantage of crossed nanowires 
(CNWs) embedded in polymer membranes is their ability to harvest 
thermal energy both in-plane and perpendicular to the nanocompo-
site film.11,15 Moreover, their three-dimensional (3D) architecture 
enables transverse thermoelectric effects, as recently demonstrated by 
Nernst measurements on interconnected bismuth (Bi) nanowires.12

Bulk bismuth–antimony (Bi–Sb) alloys, long recognized for 
applications near and below room temperature,16–18 have recently 
regained interest due to a marked enhancement in thermoelectric 

performance under weak magnetic fields achievable with perma-
nent magnets.19 The thermoelectric performance of a material is 
quantified by the dimensionless figure of merit, ZT à S2T=qj, 
where S is the Seebeck coefficient, q the electrical resistivity, j the 
thermal conductivity, and T the absolute temperature. Although 
enhanced ZT values in high-quality Bi–Sb alloy single crystals 
under weak magnetic fields were previously reported,20–22 recent 
measurements on high charge carrier mobility Bi0.88Sb0.12 single 
crystals yielded ZT values two to three times higher than in the 
zero field.19 Consequently, record performance below room tem-
perature was achieved, reaching ZT à 1.7 6 0.2 between 160 and 
220 K for magnetic fields less than 1 T.19 Since the figure of merit 
is proportional to the square of the Seebeck coefficient, this 
enhancement primarily originates from a giant magneto-Seebeck 
effect.
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Electrochemical growth of Bi–Sb nanowire arrays typically yields 
properties inferior to bulk materials,13,23,24 largely due to the use of 
track-etched polycarbonate membranes that preclude high- 
temperature post-annealing, a key step for optimizing thermoelectric 
performance.25 In this work, we investigate the effects of annealing 
and diameter on the thermoelectric and magneto-transport properties 
of Bi0.89Sb0.11 CNWs, a composition corresponding to the maximum 
figure of merit.26,27 These 3D nanostructures are fabricated by direct 
electrodeposition within high-temperature-resistant polyimide (PI) 
membranes featuring a 3D nanochannel network.

Track-etched PI membranes with interconnected pores of con-
trolled diameter were fabricated using a single irradiation step with an 
energetic xenon (Xe) ion beam. As shown in Fig. 1(a), a roller placed 
in front of the beam guided the 25-lm-thick PI film, defining the 
track angular distribution (635�), while the film speed and beam 
intensity controlled the track density (5⇥ 108–1010 cm−2). The tracks 
were converted into pores by selective chemical etching in aqueous 
sodium hypochlorite (NaOCl),28 yielding pore diameters of d à 50, 
80, and 200 nm at a constant porosity of 20%. Finally, a⇡ 15 nm chro-
mium (Cr) adhesion layer and a ⇠2 lm copper (Cu) film were depos-
ited in situ by electron-beam evaporation on one side of the templates 

to serve as cathode for subsequent electrodeposition (ECD) of the 
Bi0.89Sb0.11 alloy.

The Bi0.89Sb0.11 ECD process was reported elsewhere.13 Briefly, a 
pulsed chronoamperometric deposition at ambient temperature 
ensured uniform filling of the PI templates, by alternating −0.32 V 
(for 10 ms) and −0.21 V (for 90 ms) vs a silver/silver chloride 
(Ag/AgCl) reference electrode. The Sb concentration of ⇠11% was 
ensured by an optimal jSbj/jBij molar ratio of 0.7 in the electrolyte. In 
order to achieve a similar degree of volumetric filling in the PI tem-
plates and to prevent the formation of macroscopic caps on the PI 
film surface, the electrodeposited charge was kept the same for all 
samples.

Figure 1(b) shows a scanning electron microscope (SEM) image 
of 200 nm diameter CNWs with a packing density of 20%, which are 
precise replicas of the original interconnected porous structure. The 
SEM micrograph was taken after the complete chemical dissolution of 
the PI template in a 1:1 mixture containing 1 M NaOH (sodium 
hydroxide) and NaOCl (6%–14% chlorine) at 70 �C for about 3 h. It 
should be noted that this method of synthesizing CNWs, which 
requires only a single irradiation step of the polymer film, is greatly 
simplified compared to previous work on 3D nanowires within poly-
carbonate membranes produced through successive irradiation steps 
at various angles.9,29–33 Representative close-up SEM micrographs of 
the CNWs for the investigated diameters are also shown in Fig. S1 of 
the supplementary material.

Subsequently, the PI-Bi0.89Sb0.11 CNW composites were ther-
mally annealed at 285 �C for 1 min under nitrogen (N2) atmosphere, 
heated with a ramp of 10 �C/min and cooled at a similar rate. 
Notably, the annealing temperature was chosen near the alloy’s melt-
ing point, which sensitively depends on the Sb content according to 
the corresponding phase diagram.17,34 Owing to PI’s superior thermal 
stability, with a glass transition temperature of approximately 
400 �C35 (significantly higher than that of the polycarbonate, of 
⇠150 �C,36 and well above the melting point of Bi-rich Bi–Sb alloys), 
the nanocomposite and 3D CNWs architecture remained intact dur-
ing annealing.

Elemental characterization of the Bi0.89Sb0.11 CNWs was per-
formed after the complete dissolution of the PI template by energy- 
dispersive x-ray (EDX) analysis. X-ray diffraction (XRD) was carried 
out in a Bragg–Brentano configuration using a Bruker D8 Advance 
diffractometer operating with Cu Ka radiation, over an angular range 
(2h) of 20�–75�. Phase identification was made using the American 
Mineralogist Crystal Structure Database (AMCSD). Prior to the XRD 
measurements, the Cu cathode layer from the back side of the PI tem-
plates was completely etched away galvanostatically at 0.5 A cm−2, in 
a commercial Cu electrolyte.12,13

Electrical and thermoelectric measurements were performed 
after partial removal of the Cu cathode and cutting the samples into 
the desired geometries [Figs. 1(c) and 1(d)]. A Hall bar of about 1 cm 
long [Fig. 1(c)] was used for resistance, magnetoresistance, and Hall 
effect measurements between 15 and 300 K, with current injected 
through the remaining Cu cathode and silver (Ag) paint contacts, 
while taking advantage of the high degree of nanowire network inter-
connectivity, as recently demonstrated.12,13 The magnetic field was 
applied perpendicular to the PI-CNWs nanocomposite films and var-
ied between 60.8 T. Thermopower measurements were carried out 
between 50 and 320 K under vacuum using the setup shown in 

FIG. 1. (a) Schematic of the fabrication process for track-etched PI membranes 
with crossed cylindrical nanopores. (b) SEM image showing CNWs with a diame-
ter of 200 nm. Design of the experimental setup configurations for Hall coefficient 
(c) and thermoelectric power (d) measurements. The direction of the magnetic 
field is indicated in each case. (e) and (f) Photographs illustrating the flexibility of 
the nanocomposite film based on CNWs and the soldering of connecting wires on 
the Cu electrodes.
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Fig. 1(d).12,13 An in-plane thermal gradient was generated by a resis-
tive heater, while the thermovoltage and temperature difference were 
measured using Chromel-P leads and a type-E differential thermo-
couple, respectively. The magneto-Seebeck effect was studied by 
applying a magnetic field of up to 1 T, applied in the plane of the 
PI-CNW film, as shown in Fig. 1(d). The porous PI matrix provides 
flexibility and high thermal stability, enabling direct soldering of wires 
onto the metal electrodes [Figs. 1(e) and 1(f)].

Figure 2(a) shows the EDX spectra of Bi0.89Sb0.11 CNWs, reveal-
ing exclusively the constituent elements, i.e., Bi and Sb, with no 
detectable impurity and contaminant signals in the electrodeposited 
samples. Furthermore, the inset provides a quantitative elemental 
analysis, demonstrating that the Sb atomic content in the alloy is 
approximately 11%.

The XRD patterns of Bi0.89Sb0.11 CNWs with various diameters 
are presented in Fig. 2(b) for the as-prepared samples and in Fig. 2(c) 
for the samples annealed at 285 �C for 1 min. The patterns of the as- 
deposited samples [Fig. 2(b)] reveal the formation of a polycrystalline 
Bi–Sb solid compound with no evidence of separate phase complexes, 
consistent with our previous report.13 After annealing at 285 �C 
[Fig. 2(c)], dominant reflections from (110) planes are observed for all 
samples, suggesting the CNWs alignment near the binary–bisectrix 
plane of the rhombohedral crystal system. In addition, the annealed 
sample with 200 nm diameters [red pattern in Fig. 2(c)] exhibits also 
an increase in the intensity of (012) diffraction peak, suggesting a 
more relaxed crystal structure which resembles the behavior of bulk 
Bi–Sb where the (012) planes obliquely oriented relative to the trigo-
nal axis are preferentially favored.37 The observed enhancement sug-
gests that annealing promotes recrystallization and strain relaxation 
in the 200 nm sample, leading to improved structural order. However, 
after annealing, the (012) peak decreases in intensity at smaller diame-
ters, the trend being attributed to the increasing influence of geomet-
ric confinement as the diameter is reduced.

The temperature variation of the thermoelectric power of the as- 
prepared and annealed Bi0.89Sb0.11 CNWs 200 nm in diameter is 
shown in Fig. 3(a). For comparison, previously measured values of 
the thermopower of a bulk Bi0.90Sb0.10 alloy38 and a Bi0.90Sb0.10 thin 
film39 are also shown in the same temperature range investigated. It is 
found that annealing leads to a significant increase in the absolute val-
ues of the thermopower over the entire temperature range due to a 
more homogeneous distribution of Sb atoms in the CNWs. At room 
temperature, the thermopower (−90 lV/K) is approximately twice as 
high for samples annealed at 250 and 285 �C compared to the as- 
deposited sample, while at around T à 150 K, the increase reaches a 
factor of 6. The temperature dependence of the thermopower is also 
significantly altered by annealing, as shown in Fig. 3(a). Indeed, the 
thermopower of as-deposited Bi0.89Sb0.11 CNWs decreases continu-
ously with cooling below T à 320 K, while for Bi0.89Sb0.11 CNWs 
annealed at 285 �C, the thermopower increases up to T ⇡ 150 K, 
reaching values as high as −110 lV/K, before decreasing at lower tem-
peratures. As seen in Fig. 3(a), the thermopower for Bi0.89Sb0.11 
CNWs annealed at 285 �C is identical to that of bulk alloy down to 
T ⇡ 170 K. However, at lower temperatures, significant differences 
appear, with the maximum thermopower in bulk alloys occurring at 
around T à 50 K.17,38,40 In these narrow bandgap semiconductors, it 
is known that the decrease in the Seebeck coefficient following the 
increase in temperature is due to thermal excitation.19 Overall, the 

temperature variation in the thermopower of Bi0.89Sb0.11 CNWs 
resembles that of thin films of Bi–Sb alloys with equivalent composi-
tion.39,41,42 In addition, the Seebeck coefficient of the annealed Bi–Sb 
CNWs shown in Fig. 3(a) is far above the values reported to date for 
parallel arrays of Bi–Sb nanowires prepared by ECD23,24 and by 
injecting the molten alloy into the pores of anodic aluminum oxide 
templates,43 whose values range from −30 to −50 lV/K at room 

FIG. 2. (a) EDX analysis of the 3D interconnected Bi0.89Sb0.11 CNWs of 200 nm 
diameter. The inset represents corresponding quantitative calculations of the Bi 
and Sb atomic percentages, respectively. Normalized XRD patterns acquired on 
the Bi0.89Sb0.11 CNWs with diameters of 200 nm (red), 80 nm (olive), and 50 nm 
(cyan), before (b) and after (c) an annealing process at 285 �C for 1 min. 
Reference powder diffraction data of Bi (AMCSD 0012839) was used for peaks 
identification.
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temperature, demonstrating the importance of annealing at tempera-
tures close to the melting point.

Measurements carried out on individual Bi0.92Sb0.08 nanowires 
with a diameter comparable to that in the present study, and annealed 
at 180 �C, yielded a resistivity of 5⇥ 10−6 X m at T à 300 K,23 which is 
approximately three times higher than that of the bulk material. 
Furthermore, it is known that the thermal conductivity at room tem-
perature of bulk Bi–Sb alloys of similar composition is mainly due to 
the electronic contribution (jE).26 The Wiedemann–Franz law, 
jEq à LT, where L is the Lorenz number, is widely used to estimate 
jE. For non-degenerate semiconductors, it is known that a significant 
decrease in L occurs compared with the degenerate limit, where 
L à 2.44⇥ 10−8 V2 K−2. In a previous study, the Lorenz numbers of 
various thermoelectric materials based on measurements of Seebeck 
coefficients have been evaluated.44 A rough estimate gives L ⇠ 2 
⇥ 10−8 V2 K−2 for Bi–Sb alloys. The figure of merit for bulk Bi–Sb 
alloys (ZT ⇠ 0.3 at T à 300 K) can be obtained equivalently from the 
expression ZT à S2=LÖ1á jL=jEÜ, with jL the lattice thermal con-
ductivity, using the ratio jL=jE ⇠ 0.2 deduced from experimental data 
on electrical and thermal conductivities.26 The lack of thermal conduc-
tivity measurements on Bi–Sb nanowires means that ZT cannot be 
determined. However, we can expect that the electronic and lattice 
components are likely to decrease in nanowires due to the increased 
scattering mechanisms of electrons and phonons. Therefore, since the 
Seebeck coefficients of the Bi0.89Sb0.11 CNWs annealed at 285 �C are 
identical to those of bulk materials at T à 300 K (S ⇠−90 lV/K), the 
figure of merit in annealed Bi–Sb CNWs should not differ significantly 
from that of bulk alloys near room temperature. However, this simple 
analysis warrants a more detailed theoretical study. Interestingly, 
Bi0.89Sb0.11 CNWs annealed at T à 285 �C also exhibit large magneto- 
thermopower effects with a maximum increase in âSÖB à 1 TÜ
− SÖB à 0Üä=SÖB à 0Ü ⇡ 12% for 180 K < T < 230 K while the 
effect is much less (⇠3%) for the sample annealed at T à 250 �C 

[see Fig. 3(a)]. No noticeable effect was observed for the sample 
annealed at T à 210 �C. To the best of our knowledge, such large 
magneto-Seebeck effects in Bi–Sb alloys have only been reported on 
single crystals, where the Seebeck coefficient increases by ⇠30%–60% 
under similar temperature and magnetic field conditions.19,22 The 
magneto-thermopower signal DS à SÖBÜ − SÖB à 0Ü at T à 192 K for 
the Bi0.89Sb0.11 CNW sample annealed at T à 285 �C [Fig. 3(b)] shows 
a significant increase in the negative values of the Seebeck coefficient 
with the magnetic field, with no tendency toward saturation around 
the maximum field of 1 T, in agreement with previous results obtained 
on bulk alloys.19,22 In light of these results and the above analysis, we 
can estimate an increase in the figure of merit of up to 25% in the tem-
perature range 200–300 K under a magnetic field of 1 T. In contrast, 
the magneto-Seebeck effect changes sign for T < 80 K [see Fig. 3(a)], 
leading to a less negative Seebeck coefficient, as illustrated in Fig. 3(b) 
at T à 52 K. A similar change in the sign of DS at low temperatures 
has also been reported for bulk Bi–Sb alloys of the same composi-
tion.19,22 The smaller magneto-Seebeck effects in Bi0.89Sb0.11 CNWs 
compared to single crystals can be attributed to lower carrier mobility 
and to prior single crystal measurements being performed along the 
trigonal direction, where mobility is maximal.19 The large magneto- 
Seebeck response is theoretically linked to Dirac band dispersion char-
acteristics of Bi1−xSbx topological materials coupled with ultra-high 
mobility of charge carriers.19 Figure 3(c) compares the results obtained 
on 50 and 80 nm Bi0.89Sb0.11 CNWs annealed at 285 �C with the ones 
for 200 nm samples, showing a reduced Seebeck coefficient and a shift 
of its maximum toward higher temperatures with decreasing diameter, 
consistent with reduced mobility and diameter-induced modifications 
in the band structure characteristics of Bi–Sb nanowires.

The temperature dependence of the electrical resistance of the 
Bi0.89Sb0.11 CNWs (with d à 200, 80, and 50 nm) annealed at 
T à 285 �C is shown in Fig. 4(a). The data have been normalized to 
the resistance value at room temperature. All samples exhibit typical 

FIG. 3. (a) Temperature variation of the Seebeck coefficient of Bi0.89Sb0.11 CNWs with a diameter of 200 nm, as prepared and annealed at different temperatures, as indi-
cated. The dashed lines show the data obtained on annealed Bi0.90Sb0.10 bulk alloy38 and Bi0.90Sb0.10 thin film prepared by flash evaporation,39 as indicated. (b) Magnetic 
field dependence of the thermopower of Bi0.89Sb0.11 CNWs annealed at 285 �C at two distinct temperatures, T à 52 K and T à 192 K. (c) Temperature dependence of the 
Seebeck coefficient of Bi0.89Sb0.11 CNWs annealed at 285 �C with diameters of 200, 80, and 50 nm.
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narrow bandgap semiconductor behavior, where the temperature 
dependence of carrier density dominates over the opposing tempera-
ture dependence of mobility. Similar temperature variations in electri-
cal resistance have been reported in thin films and nanowires of 
Bi–Sb alloys.13,37,39,40,43,45 In the high-temperature range, the electrical 
resistance shows an exponential temperature dependence, i.e., 
RÖTÜ ⇡ expÖ✏g=2kTÜ, with ✏g being the bandgap.46 From the curves 
in the inset of Fig. 4(a), where the logarithm of the normalized resis-
tance is plotted as a function of 1=T, the bandgap ✏g was estimated to 
be ⇠50, 36, and 30 meV, for d à 200, 80, and 50 nm, respectively. 
Those values agree with the values previously reported for nanostruc-
tured Bi–Sb alloys, thin films, and nanowires.13,39,42,45,47 Low-field 
magnetoresistance measurements were performed on the annealed 
Bi0.89Sb0.11 CNWs with d à 200, 80, and 50 nm at different tempera-
tures between T à 25 K and room temperature. All samples show a 
classical quadratic variation of magnetoresistance with magnetic field, 
i.e., MRà âRÖBÜ − RÖB à 0Üä=RÖB à 0Ü à AB2 (see the supplemen-
tary material, Fig. S2). Figure 4(b) shows the temperature dependence 
of the A coefficient for various samples. The A coefficient has units of 
electron mobility squared, hence its decrease with decreasing diameter 
is attributed to enhanced surface and grain-boundary scattering con-
tributions to the electrical resistance. Hall effect measurements on 
Bi0.89Sb0.11 CNWs [Fig. 4(c)] show that the Hall coefficient RH is vir-
tually identical at room temperature across all diameters, while its 
reduction with decreasing temperature is stronger for the 200 nm 
sample, consistent with its larger temperature-dependent resistance 
variation [Fig. 4(a)]. By considering the Bi0.89Sb0.11 alloy as one-type 
carrier system, the electron carrier concentration (n) can be estimated 
from the simple relationship RH à 1=ne. For the CNWs with 
d à 200 nm, this gives n ⇡ 6⇥ 1018 cm−3 at room temperature and 
n ⇡ 8⇥ 1017 cm−3 at T à 25 K. For the 80 and 50 nm samples, the 
carrier density is somewhat larger in the low-temperature range. 
While carrier concentrations at room temperature are very similar to 

those found in bulk Bi–Sb alloys of same composition, values at low 
temperatures are significantly higher in nanowires.38,42,48 Furthermore, 
it has been theoretically predicted that in Bi–Sb single-crystal nanowires 
with diameters in the range 20–50 nm, quantum confinement may alter 
the electrical and thermoelectric properties.49 Such effects are not 
observed in our study, due to the larger diameters and polycrystalline 
nature of the electrodeposited Bi–Sb CNWs.

We demonstrate the fabrication of high-temperature-resistant 
cross-porous track-etched PI membranes using a simplified process 
involving a single irradiation step. Annealing at temperatures close to 
the melting point of 3D networks of electrodeposited Bi0.89Sb0.11 
CNWs with a diameter of 200 nm leads to Seebeck coefficients close to 
those of bulk alloys over a wide temperature range near and below 
room temperature, reaching values of −110 lV/K around T à 150 K. 
Measurements carried out under magnetic fields up to 1 T reveal large 
magneto-Seebeck effects, leading to a significant increase in the nega-
tive thermopower for samples annealed at T à 285 �C. The Seebeck 
coefficient and charge carrier mobility both decrease with reducing 
CNWs diameter. The Hall effect measurements carried out on these 
Bi0.89Sb0.11 CNWs are consistent with the expected behavior of narrow 
bandgap n-type semiconductors. These results mark a crucial step 
toward the development of flexible thermoelectric devices based on 3D 
nanowire networks. In future work, we intend to apply the same syn-
thesis approach to produce Bi–Te and Bi–Sb–Te alloys, which are 
expected to yield p-type flexible films with ZT values greater than 1.7,8

See the supplementary material for the SEM micrographs of the 
Bi0.89Sb0.11 CNWs of various diameters, as well as for the correspond-
ing magnetoresistance data acquired at different temperatures for all 
samples.

Financial support was provided by the Belgian Fund for 
Scientific Research (F.R.S.–FNRS). A. C. would like to thank 
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annealed at 285 �C with diameters of 200, 80, and 50 nm. The data in (a) are normalized to electrical resistance values obtained at room temperature. The inset in (a) shows 
the variation of the logarithm of the normalized resistance vs the inverse of temperature for all samples.

Appl. Phys. Lett. 129, 103903 (2026); doi: 10.1063/5.0349868                                                                                                                                                        129, 103903-5 
Published under an exclusive license by AIP Publishing

Applied Physics Letters                                                                                             ARTICLE pubs.aip.org/aip/apl 

 10 Septem
ber 2026 10:58:09

https://doi.org/10.60893/figshare.apl.c.8664951
https://doi.org/10.60893/figshare.apl.c.8664951
https://doi.org/10.60893/figshare.apl.c.8664951
pubs.aip.org/aip/apl


Wallonie-Bruxelles International (WBI) for its support. F. A. A. 
receives support as a Research Associate of the F.R.S.–FNRS. 
Authors would like to thank François Devred for his help with the 
XRD measurements. Financial support was provided by the 
European Union. Views and opinions expressed are, however, 
those of the authors only and do not necessarily reflect those of the 
European Union or the European Research Executive Agency 
(REA). Neither the European Union nor the granting authority can 
be held responsible for them. T. d. C. S. C. G. is an ERA fellow.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions
Alexandru Carabogdan: Data curation (equal); Formal analysis 
(equal); Investigation (equal); Visualization (equal); Writing – original 
draft (equal); Writing – review & editing (equal). Tristan da Câmara 
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