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This paper reports on the preparation and the characterization of structural, electrical and thermoelectric

properties of nanocomposite films formed from three-dimensional networks of polycrystalline bismuth

(Bi) nanowires (NWs). The samples were fabricated by electrodeposition within polycarbonate (PC) tem-

plates with crossed cylindrical nanopores, yielding self-supported networks of Bi crossed nanowires

(CNWs) with mean diameter values ranging from 23 nm to 230 nm. Temperature changes in electrical re-

sistance and thermopower were studied by considering electric and thermal currents flowing in the plane

of the films. While the values of the Seebeck coefficient are close to those of polycrystalline Bi for dia-

meters greater than 100 nm, a progressive decrease in thermopower appears at smaller diameters, due to

an increasing contribution of surface charge carriers as the diameter decreases. Transverse thermoelectri-

city based on the Nernst effect was also demonstrated on a network of Bi CNWs 230 nm in diameter.

Such hierarchical architectures based on Bi CNWs are extremely robust, offering a reliable solution for the

next generation of flexible thermoelectric devices.

1 Introduction

Bismuth (Bi) nanowires (NWs) have attracted much attention
because of their predicted improved thermoelectric
performances.1–7 Indeed, in addition to the low Fermi energy
values and effective charge carrier masses in Bi NWs, theore-
tical studies predict a transition from semi-metal to semi-
conductor below a critical diameter (≈50 nm depending on
the crystal orientation) due to the quantum confinement
effect.2,8,9 Although the study of the dependence of thermo-
electric power on the diameter of individual Bi NWs and paral-
lel NW arrays has been the subject of several previous studies,
the experimental results are very contrasted, not allowing the
identification of a clear trend.1,5,6,10–18 Several factors are likely
to be at the origin of the puzzling results obtained on Bi NW
arrays. Firstly, most measurements have been made on single
crystal Bi NWs, some of which display different crystal orien-
tations. Due to the strong anisotropy of the thermoelectric pro-

perties in bulk Bi, different results are therefore expected than
those obtained on polycrystalline NWs obtained by electrode-
position (ECD). Secondly, thermal contact resistance is an
important concern, and it is difficult to obtain a reliable esti-
mate of the temperature gradient established in the out-of-
plane direction of alumina or polymer membranes containing
parallel NW arrays, due to the thinness of the porous templates
and the large cross-sectional area/thickness ratio of the
measured samples. In addition, the thermal contact resist-
ances generally increase when the system is cooled, which
makes their estimation very difficult.

The recent development of three-dimensional (3D) net-
works of interconnected NWs has opened up new prospects in
the field of flexible thermoelectric materials.19–23 These net-
works of crossed nanowires (CNWs), incorporated into 3D
porous polymer membranes to form nanocomposite films,
meet the essential requirements of electrical, thermal and
mechanical stability. The temperature and diameter evolutions
of the thermopower of electrodeposited Bi CNWs have been
recently reported by applying out-of-plane thermal gradients.24

Interestingly, unlike parallel arrays of NWs where thermal and
electric current can only be applied in the direction parallel to
the axis of the NWs, the 3D NW structure also allows measure-
ments to be made in the macroscopic direction of the film
plane, taking advantage of the excellent electrical
connectivity.19,21
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On the other hand, interest in the development of trans-
verse energy conversion devices has recently received a boost
due to the emergence of new classes of materials and new
transport phenomena in transverse geometry.25–28 Among the
various transverse thermoelectric effects, the well-known
Nernst effect generates a voltage transverse to the temperature
gradient and the magnetic field. Therefore, semi-metals are of
interest because they have mobile electrons and holes that
deflect in opposite directions in a magnetic field so that their
contributions add up, instead of partially compensating each
other in longitudinal thermoelectric devices based on the
Seebeck effect. For example, single-crystal Bi shows very high
Nernst thermopower due to the very high mobility of charge car-
riers and the low Fermi energy.26,29,30 Besides, since transverse
devices do not require the use of separate n- and p-type
materials, the thermoelectric module configuration using the
Nernst effect is simpler than that using the Seebeck effect. In
addition, as the Nernst voltage is generated in a direction perpen-
dicular to that of the thermal gradient, its amplitude increases
proportionally to the length of the sample along the direction of
the electric field. This makes it possible to improve the perform-
ance of transverse thermoelectric devices by adjusting the dimen-
sions and geometrical characteristics of a single material.
Although an external magnetic field is required to exploit the
Nernst effect, a magnetic field of 1 T can be easily obtained
using a permanent neodymium magnet.

In this work, we report the fabrication and characterization
of Bi CNWs obtained by ECD within flexible polymer mem-
branes with crossed cylindrical nanopores. The evolution of
structural and transport properties of Bi CNWs as a function
of diameter, i.e., between 23 nm and 230 nm, was studied by
means of X-ray diffraction (XRD), temperature variation of elec-
trical resistance and thermoelectric measurements. The
measurements of the Seebeck coefficient as a function of
temperature and for the different diameters were performed in
a configuration where the thermal gradient is applied in the
plane of the nanocomposite film. In addition, we first demon-
strated the possibility of performing transverse thermoelectric
measurements on CNWs, which is not possible for parallel
NW arrays. A large Nernst signal was obtained at room temp-
erature in a 230 nm diameter Bi CNW sample.

2 Materials and methods
2.1 Samples preparation

Analytical grade reagents (Merck) were used in this work as
provided. Ultra-pure deionized water (DIW) supplied from a
Milli-Q (Merck) system was employed for preparing the electro-
lytic solutions and for rinsing the samples during their fabri-
cation process. A gaseous nitrogen (N2) cylinder (5.0 purity
from Praxair) was engaged in blow-drying operations.

Polycarbonate (PC) templates with a thickness of 28 μm
have been first prepared by a track-etching method, following
a well-established modified protocol.19,31–35 Compared to the
conventional track-etching technology, herewith the polymer

films have been exposed to a sequential multi-step irradiation
with heavy-ions under an angular range in respect to the
normal of the PC surface prior to the chemical etching of the
latent tracks in NaOH solution, hence allowing the formation
of crossed cylindrical nanopores.36 For present study, PC tem-
plates with different pore diameters (d ) were prepared, i.e.,
23 nm, 28 nm, 45 nm, 105 nm and 230 nm.

Subsequently, a chromium/copper/chromium/gold (Cr/Cu/
Cr/Au) multi-layered metallic electrode was e-beam evaporated
in situ onto one side of the PC templates to act as cathode
during Bi ECD. Apart of the ultra-thin Cr films (∼15 nm) used
as intermediate adhesion layers, the thickness of the Cu layer
was regulated from ∼2 μm for the PC template with 230 nm
pores diameter to ∼500 nm for the one with 23 nm diameter,
while the thin top Au layer (∼100 nm) was mainly deposited to
prevent any Cu oxidation during the overall fabrication process
flow. Noteworthy, the Cu layer thickness was carefully adjusted
for the different PC templates to secure an uniform and con-
sistent nanopores coverage withstanding Bi ECD process.

Bi ECD followed a slightly modified protocol as described
elsewhere.24,37,38 In brief, the electrochemical process was
carried out in an aqueous electrolyte containing: 1 M HCl
(hydrochloric acid fuming, 37%), 0.1 M BiCl3 (bismuth chlor-
ide), 0.3 M C4H6O6 (tartaric acid), 1 M NaCl (sodium chloride)
and 1 M C3H8O3 (glycerol). Bi was grown in the crossed nano-
pores of the PC templates via pulsed chronoamperometry, by
applying to the working electrode (the metal-coated PC tem-
plates) a sequence of short voltage pulses versus a silver/silver
chloride (Ag/AgCl) reference electrode (potassium chloride –

KCl saturated, E = 0.197 V against normal hydrogen electrode –

NHE) from a PAR 263A Potentiostat/Galvanostat, while a plati-
num (Pt) strip was immersed in the bath to act as the counter
electrode. In this process, −0.35 V was applied for 10 ms as an
electrochemical reduction step of Bi close to the working elec-
trode’ surface, and it was followed by −0.12 V for 90 ms as a
relaxation period, providing time for the ions’ concentration in
the vicinity of the electrode to be replenished between con-
secutive reduction pulses. In this way, the multi-pulse electro-
deposition process guaranteed a homogenous Bi filling of the
crossed nanopores. The overall process duration was adjusted
to obtain similar volumetric filling of the PC templates with
different nanopore diameters.

The samples representing dense networks of intercon-
nected Bi NWs embedded in the PC templates were afterwards
thoroughly rinsed with DIW, subsequently dried-out under a
soft stream of N2 gas and then kept under normal environ-
mental conditions until further manipulations.

2.2 Samples characterization

Morphological observations of the self-supported intercon-
nected networks of Bi NWs were first performed using a JEOL
7600F field-emission scanning electron microscope (SEM). In
this regard, the electrodeposited samples with cathode-side
facing downwards were glued on a small silicon (Si) substrate
using carbon tape, and subsequently only for SEM imaging
purpose, the nanoporous PC template was thoroughly chemi-
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cally removed by dropwise addition of dichloromethane for
about 10 min.

Structural characterization of the Bi CNWs was afterwards
performed by means of XRD using a Bruker D8 Advance diffr-
actometer equipped with a Lynxeye XE-T detector, operating
with Cu Kα radiation (λ = 0.15406 nm) at 1200 W (30 mA, 40
kV). XRD data were acquired at room temperature in a sym-
metric theta–theta (Bragg–Brentano) geometry, in the range of
2θ = 25°–75° with an angular step of 0.015° and an integration
time of 0.15 s. The as-prepared samples were first subjected to
an electrochemical etching procedure to completely remove
the electrode layers from one side of the PC templates, and
then carefully installed on a Si crystal sample holder. The
cathode etching procedure was carried out galvanostatically in
a commercially available Cu electrolyte, at a current density of
0.5 A cm−2. EVA software package (Bruker) was used for data
acquisition and post-processing, whilst ICDD (International
Center of Diffraction Data) database was employed for phases
identification. For displaying purposes, the amorphous back-
ground coming from the PC templates was extracted from the
XRD patterns. Ultimately, the raw XRD data were subjected to
a Rietveld refinement procedure using MAUD software,39 in
order to accurately compute the structural parameters of the Bi
CNWs.

For conducting two-probe electrical and thermoelectric
transport measurements, the cathode layers from one side of
the PC templates were locally removed by electrochemical
etching, as previously explained. In the two-probe configur-
ation shown in Fig. 1a and b, the current is directly injected
into the branched NW structure (about 1 cm long) from the
unetched sections of the metallic cathode, where electrical
contacts are made by silver paint.19,40 The electrical and
thermal current flows in the plane of the nanocomposite film
following a zig-zag path along the segments of the Bi CNWs
taking advantage of their high degree of electrical connectivity.
Typical resistance values of the prepared specimens are in the
range of few tens of ohms. For each sample, input power is
kept below 0.1 μW to avoid self-heating. Temperature-depen-
dent electrical resistance of Bi CNWs with 23 nm ≤ d ≤
230 nm was measured between 10 K and 320 K.

For the measurement of the Seebeck coefficient, heat flow
in the plane of the CNW film is generated by a resistive heater
anchored on a Cu block at one end of the sample, the other
end being in good thermal contact with a heat sink. A thermo-
electric voltage ΔV is generated by the temperature difference
ΔT between the two metal electrodes, as shown in Fig. 1b. The
voltage leads were made of thin chromel P wires, and the con-
tribution of the leads to the measured thermoelectric power

Fig. 1 (a and b) Two-probe electrode design obtained by local etching of the cathode layers for measurements of the electrical resistance and
Seebeck coefficient of the 3D networks of crossed nanowires (CNWs). Heat flow in (b) is established in the plane of the Bi CNW film. (c) Design of
the experimental set-up for transverse thermoelectric measurements where the heat flux is generated along the normal to the plane of the film. (d)
Photographs of a flexible polycarbonate (PC)–Bi CNWs nanocomposite film after partial electrochemical etching of the cathode, showing metal
electrodes at both ends for electrical and thermoelectric measurements. The photograph on the right side highlights the flexibility of the device.
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was subtracted out using the recommended values for the
absolute thermopower of chromel P in NIST ITS-90
Thermocouple Database. The temperature gradient was moni-
tored with a small diameter type E differential thermocouple.
A typical temperature difference of 1 K was used in the
measurements. Seebeck measurements on Bi CNWs with
23 nm ≤ d ≤ 230 nm were conducted between 100 K and 320 K
under vacuum conditions.

Transverse thermoelectric measurements on Bi CNWs with
d = 230 nm were carried out at room temperature under
vacuum conditions in fields up to 1 T. The porous PC template
28 μm thick is completely filled with CNWs to form uniform
nanocomposite film. The sample is placed between two alumi-
num nitride (AlN) wafers of high thermal conductivity (∼100
W m−1 K−1 at T = 300 K). A resistive heater (100 Ω) bonded to
the upper AlN wafer (20 × 5 × 0.6 mm3) allows a thermal gradi-
ent to be established along the normal to the film, as shown
in Fig. 1c. Under the hot AlN wafer, the electrode that served
as the cathode for the CNWs growth was completely electro-
chemically etched (as previously explained), except for two very
narrow side electrodes that allowed the transverse thermoelec-
tric voltage to be measured using thin manganin wires. The
temperature of the two AlN wafers are measured using cali-
brated Cernox™ sensors (mass ≤ 3.0 mg). To limit a major
source of error when making transverse thermoelectric
measurements on thin samples, it is also essential to mini-
mise the thermal resistance of the contacts between the
thermal conductors and the sample. In this regard, a very thin
layer of Apiezon grease was used to improve the thermal
contact between the nanocomposite film and the AlN wafers.
Moreover, as recent work has shown,41 mechanical pressure
applied perpendicular to the sandwich is essential as well to
significantly reduce the thermal resistance of the contacts.
Here, the pressure is provided by a rigid rod with low thermal
conductivity that firmly fixes the sample block shown in
Fig. 1c. In addition, the thermal contact resistance must be
determined to correctly estimate the temperature difference
applied to the active material. As detailed below, the latter is
estimated from a similar measurement carried out on a non-
porous polycarbonate film of the same thickness and known
thermal conductivity.

Photographs of a rectangular flexible sample representing
Bi CNWs embedded in the PC template and with metallic elec-
trodes at both ends, as-prepared for both electrical and ther-
moelectric measurements, are shown in Fig. 1d. The image on
the right emphasizes the device’ mechanical flexibility.

3 Results and discussion
3.1 Morphological and structural characterization

Fig. 2 shows SEM images of the obtained networks of Bi CNWs
with various diameters, i.e., 230 nm (Fig. 2a and b), 105 nm
(Fig. 2c), 45 nm (Fig. 2d), 28 nm (Fig. 2e) and 23 nm (Fig. 2f),
after the complete chemical dissolution of the PC membrane
using dichloromethane. The homogeneity and self-supporting

nature of the Bi CNWs with a diameter of 230 nm can be
observed in the low-magnification image presented in Fig. 2a,
where the dashed lines indicate the bottom- and top-side
borders of the interconnected network. Also, the corres-
ponding magnified image (Fig. 2b) suggests an uniform filling
of the PC template, together with a high degree of NWs inter-
connectivity. It can be noticed as well that when reducing the
nanopores diameter (Fig. 2c–f ), the self-supporting structure
of interconnected Bi CNWs perfectly replicates the 3D nano-
porous PC templates, even for diameters as low as 23 nm
(Fig. 2f). The uniform filling of the PC templates resulting in
such complex branching structures is most likely attributed to
the optimized multi-pulsed ECD process engaged in the
samples preparation. However, following the complete removal
of the nanoporous PC templates, the overall mechanical stabi-
lity of the Bi CNWs gradually reduces with decreasing the NWs
diameter, as also emphasized by the SEM micrographs.

Fig. 3 shows the XRD patterns of the samples containing Bi
CNWs of different diameter values ranging from 230 nm to
23 nm. For convenience, the reference XRD pattern for Bi bulk
powder, according to the ICDD 00-044-1246 card, is given in
blue at the bottom of the graph. As can be noticed, the nor-
malized XRD patterns include multiple peaks, demonstrating
the polycrystalline nature of the Bi CNWs for all samples, with

Fig. 2 (a) Low-magnification scanning electron microscope (SEM)
image of the self-supported network of interconnected Bi CNWs with
the diameter of 230 nm. Dashed markers indicate bottom (cathode side)
and top network’s borderlines, respectively. (b) Corresponding
magnified image of the Bi CNWs branched structure. (c–f ) High-mag-
nification SEM micrographs of the interconnected networks of Bi CNWs
with diameters of 105 nm (c), 45 nm (d), 28 nm (e) and 23 nm (f).
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the most intense peak shown at 27.16°, given by reflections
from (012) planes of the Bi rhombohedral crystal structure.
The overall observed weak preferential growth of the Bi CNWs
can be obviously explained by the broad angular orientation of
the Bi NWs electrodeposited within PC templates with crossed
cylindrical nanopores, as opposed to other reports demonstrat-
ing a preferred growth orientation when developing vertically-
aligned Bi NWs in anodic aluminium oxide templates
(AAO).37,42 However, a slight improvement of the texture with a
preferential trigonal orientation along (012) plane can be
observed with decreasing the diameter value towards 23 nm.

More importantly, it can be also seen that the shape of the
peaks varies among the different samples, clearly indicating a

change in the crystallite size of the Bi CNWs when lowering
the mean diameter value from 230 nm down to 23 nm. In par-
ticular, the effect is more pronounced for the peaks reflected
by the (012), (104), (110) and (202) planes, respectively, being
suggested by their progressive broadening with decreasing the
mean diameter value. This behavior could be related to a
reduction in the crystalline coherence length (Def ) with lower-
ing the diameter of the Bi CNWs. Indeed, as shown in Table 1,
the Rietveld refinement of the XRD patterns has proven a
monotonous decrease of the crystallite size from (386 ± 11) nm
for the Bi CNWs with diameters of 230 nm, to (58 ± 1) nm for
the Bi CNWs with diameters of 23 nm. The obtained Def values
suggest an elongated crystallite shape oriented along the NW

Fig. 3 X-ray diffraction (XRD) patterns acquired onto the Bi CNWs of average diameter values ranging from 23 nm to 230 nm, as electrodeposited
within their corresponding PC template. The XRD patterns are normalized and shown after removing the amorphous background associated to the
PC template. Reference powder diffraction data of Bi according to the ICDD 00-044-1246 card is shown in blue at the bottom.

Table 1 Structural parameters of the Bi CNWs featuring different mean diameter values, as quantitatively obtained by Rietveld refinement of the
XRD experimental data. Def denotes the crystalline coherence length (i.e., crystallite size), 〈ε2〉1/2 is the mean square micro-strain, a and c represent
the lattice parameters of the Bi rhombohedral crystal system (for Bi bulk powder, aBibulk = 4.547 Å and cBibulk = 11.862 Å, according to the ICDD 00-
044-1246 card)

Diameter of the Bi NWs (nm) Def (nm) 〈ε2〉1/2 a (Å) c (Å)

230 386 ± 11 1 × 10−3 ± 2 × 10−5 4.546 ± 5 × 10−5 11.857 ± 4.1 × 10−4

105 195 ± 4 1.3 × 10−3 ± 4 × 10−5 4.545 ± 7 × 10−5 11.853 ± 6.1 × 10−4

45 78 ± 1 1.4 × 10−3 ± 8 × 10−5 4.545 ± 1.2 × 10−4 11.846 ± 9.8 × 10−4

28 60 ± 1 1.4 × 10−3 ± 1.5 × 10−4 4.542 ± 2.5 × 10−4 11.858 ± 1.71 × 10−3

23 58 ± 1 1.7 × 10−3 ± 5 × 10−5 4.541 ± 2.2 × 10−4 11.853 ± 1.54 × 10−3
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axis in the PC template. The latter remark could be sustained
also by the values of the mean square micro-strain (〈ε2〉1/2)
exhibiting an overall increasing tendency with decreasing the
Bi CNWs diameter, corroborated with a slight progressive
reduction of the rhombohedral lattice parameter (a) in respect
to the bulk value (aBibulk = 4.547 Å), as the Rietveld refinement
demonstrated (see Table 1).

4 Electrical and thermoelectric
measurements

The temperature variation of the thermoelectric power (α)
between 100 K and 320 K of the Bi CNWs with various dia-
meters (23 nm ≤ d ≤ 230 nm) is shown in Fig. 4a. For the
230 nm diameter sample, both the temperature dependence
and the measured values of α are close to those of polycrystal-
line bulk Bi and micro-sized Bi wires.44–46 For the 105 nm dia-
meter sample, the thermopower value at room temperature
(RT) is identical to that of the 230 nm sample (α ∼ −60 μV K−1)
while the absolute values are slightly lower as the temperature
decreases. In contrast, for smaller diameters, there is a signifi-
cant reduction in negative thermopower, associated with a
more pronounced linear temperature dependence indicating a
dominant diffusion thermopower. It appears that the results
of Fig. 4a differ from those recently reported through measure-
ments along the normal direction of interconnected Bi NWs
films with diameters between 40 nm and 140 nm.24 Indeed,
while a reduction in the magnitude of α with diameter
reduction is also found (i.e., see Fig. 5 in ref. 24), a sign

change of the thermopower leading to positive values was
observed at low temperature for diameters below 100 nm. On
the contrary, no sign change of α is observed in the results of
Fig. 4a, which also display significantly higher absolute α

values. As pointed out above, the differences observed between
our results and those of Wagner et al.24 could be attributed to
the two different measurement configurations used in the two
studies. Indeed, while our measurements are carried out in
the plane of the nanocomposite thin film, the out-of-plane
measurements carried out by Wagner et al.24 can lead to an
overestimation of the temperature gradient across the thick-
ness of the CNWs due to thermal contact resistances. In
addition, previous theoretical and experimental studies on
single crystal Bi NWs of various wire diameters have shown
that the Seebeck coefficient changes sign from negative to
positive at low temperature when measurement is performed
along the bisectrix axis, while the thermopower remains nega-
tive along the binary and trigonal principal axes.1,6,47

Therefore, no change in sign of the thermopower at low temp-
erature is expected for polycrystalline electrodeposited Bi NWs.
On the other hand, it is interesting to note that the reduction
at room temperature of the thermopower of Bi CNWs when the
diameter decreases is very similar to the evolution of the ther-
mopower of polycrystalline Bi films obtained by electron-beam
physical vapor deposition following a reduction in thickness,43

as shown in Fig. 4b. These similar behaviors suggest that the
same physical explanation can be considered to explain the
reduction of the thermopower of polycrystalline Bi CNWs and
films when the diameter or thickness is typically less than
100 nm. The diffusion thermopower of Bi includes the oppo-

Fig. 4 (a) Temperature dependence of the Seebeck coefficient of interconnected Bi CNWs with various diameters. (b) Seebeck coefficient as a
function of diameter of the Bi CNWs (blue circles); the data are compared to those obtained on polycrystalline Bi films (empty squares) of various
thickness.43 The inset shows the variation of the mobility ratio b = μn/μp with NW diameter and the horizontal dashed line shows the minimum
expected value of b when the mean free path of each carrier is limited by the NW diameter.
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site sign contributions of electrons and holes. For a system
with two types of charge carriers, the total thermopower α is
expressed as follows:

α ¼ αnσn þ αpσp
σn þ σp

ð1Þ

where αn, αp, σn, σp are the partial Seebeck coefficients and
conductivities for electrons and holes, respectively. Assuming
that the electron and hole carrier densities are identical, eqn
(1) can be written as:

α ¼ αnbþ αp
bþ 1

ð2Þ

where b = μn/μp is the mobility ratio. According to previous
studies and taking the approximate values for bulk Bi,1,6,48 the
partial Seebeck coefficients are expressed as:

αn ¼ � π2k2T
3eγEn

F
¼ �1:48� T μV K�2 ð3Þ

and

αp ¼ þ π2k2T
3eEp

F
¼ þ2:23� T μVK�2 ð4Þ

where EnF = 27 meV and EpF = 11 meV are the Fermi energy for
electrons and holes, respectively, while

γ ¼ 1þ En
F

Eg

� �
= 1þ 2En

F

Eg

� �
� 0:6, with Eg = 13 meV the direct

band gap energy at the L points of the Brillouin zone. Using

the above expressions (3) and (4), it is possible to extract b ¼
αp � α

α� αn
for each diameter from the linear variation of the ther-

mopower measured in the low temperature range on the Bi
CNW samples. The variation of the mobility ratio (b) with NW
diameter is shown in the inset of Fig. 4b. We notice that the
estimated value of b decreases with reducing the diameter. For
the 230 nm sample, b ∼ 2.3, which is close to that of micro-
sized Bi wires, and smaller than that reported for polycrystal-
line bulk Bi (b ∼ 2.9).46 In a previous work, Murata et al.13 pro-
posed an approach based on the limitation of the mean free
path to describe the evolution of the thermopower of Bi NWs
as a function of diameter and temperature. This approach
does not consider the semi-metal to semiconductor transition,
as well as possible quantum effects and surface state conduc-
tion. In this model, it appears that the mobility ratio reaches a
minimum value (b ∼ 2.22) in the limit where the NW diameter
determines the mean free path for both holes and electrons.
As shown in the inset of Fig. 4b, values of b < 2.22 are obtained
for d < 100 nm, with the deviation from this lower limit
increasing as the diameter decreases. In addition, the α values
for small diameter Bi NWs are lower than those predicted by
the mean free path limitation model.13 These indicate that
other phenomena must be considered to explain the evolution
of the thermopower with diameter.

Fig. 5 presents the temperature dependence of the normal-
ized resistance to its value at room temperature for the Bi

CNWs with 23 nm ≤ d ≤ 230 nm. The temperature dependence
of the electrical resistance of Bi CNWs is generally the result of
the interplay of charge carrier density and mobility, which
show contrasting variations with temperature.6,10,13,46,47,49–52

For the 230 nm Bi CNW sample, the increase in resistance
with decreasing temperature reflects the dominant contri-
bution of the temperature change in carrier density, since
their mobility weakly depends on temperature because of scat-
tering processes dominated by NW surfaces and grain bound-
aries. On the contrary, the increase in resistance following a
temperature decrease is much less pronounced for small dia-
meter Bi NWs and a weak metallic behavior appears below T ∼
100 K. It has been suggested that the quantum confinement
leading to the semi-metal–semiconductor transition when the
diameter is less than 50 nm is generally masked by the increas-
ing importance of surface carriers as the diameter
decreases.5,7,53 Fig. 5 illustrates the increasingly important
contribution of the metallic surface as the diameter decreases.
The influence of diameter on the electrical resistance curves
can also be compared to the thermopower results shown in
Fig. 4. Indeed, while the transition from semi-metal to semi-
conductor should lead to an increase in thermopower for dia-
meters less than 50 nm, the opposite behavior is observed.
The absolute values of α decrease continuously as the diameter
decreases due to the predominant contribution of the metallic
surface.

The results obtained at T = 300 K on a transverse thermo-
electric device based on interconnected Bi CNWs (d = 230 nm)
are reported in Fig. 6. In this measurement configuration,
where the thermal gradient is applied perpendicular to the
plane of the nanocomposite film, particular attention must be
paid to the problem of thermal contact resistance. Indeed, this
reduces the actual temperature difference across the Bi CNW
film compared to the ΔT measured between the two AlN
wafers using the Cernox™ sensors. The thermal contact resis-
tance was estimated from calibration measurements per-
formed on a non-porous PC film of the same thickness
(28 μm) and cross-section (14.5 × 4 mm2), of known thermal
conductivity (0.2 W m−1 K−1). The measured thermal conduc-

Fig. 5 Temperature dependence of the electrical resistance of Bi CNWs
with various diameters. The data are normalized to values obtained at
room temperature.
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tance (0.37 W K−1) was found to be slightly lower than the
theoretical value (0.4 W K−1) allowing us to estimate the
thermal contact conductance (∼4.6 W K−1). Based on this cali-
bration, the power dissipated in the heater was adjusted to
ensure a temperature difference across the Bi CNW film of ΔT
= 1 K with an uncertainty of 0.05 K. Fig. 6a shows the angular
dependence of the transverse voltage on the temperature gradi-
ent for different orientations of a magnetic field of strength B
= 1 T. When the field is applied along the normal to the nano-
composite film (which corresponds to the direction of the
thermal gradient), the measured voltage is close to zero. On
the contrary, in the measurement configuration where the in-
plane magnetic field (Bx) is both perpendicular to the thermal
gradient (∇zT ) and to the electric field (Ey), a high thermoelec-
tric voltage, close to 300 μV, is obtained for ΔT = 1 K at an
applied field strength of 1 T. The sinusoidal curve shown in
Fig. 6a is a clear signature of the Nernst effect in 3D networks
of Bi CNWs. The variation of the Nernst voltage with the
strength of the magnetic field directed in the plane of the film
is shown in Fig. 6b. The shape of the curve, which mainly
follows a linear variation in field strength, is very similar to
that obtained by performing transverse thermopower measure-
ments on Bi single crystals.26 As mentioned above, one of the
advantages of transverse thermoelectric devices is that the per-
formance can be increased by optimizing the extrinsic dimen-
sions of the material. In particular, the output signal for a
given value of the magnetic field can be considerably increased
if the voltage measurement is made over a high distance com-
pared to that over which the thermal gradient is imposed. This
is precisely the case with our NW networks embedded within
3D porous membranes. Indeed, the thermal gradient is
applied along the normal of a 28 μm thick film, while the
Nernst voltage is measured between the electrical contacts
14.5 mm apart. Compared to the classical longitudinal ther-

moelectric geometry where the lengths associated with the ΔV
and ΔT measurements are the same, the favorable geometry of
our nanocomposite film leads to a factor LΔV/LΔT ∼ 518
increase in the Nernst signal:

SNernst ¼ Ey=∇zT : ð5Þ

Furthermore, it should be added that the high thermoelectric
voltages shown in Fig. 6a and b also result from the semi-
metallic character of Bi NWs. Indeed, pure Bi has an equal
number of electrons and holes, which are deflected in opposite
directions in a magnetic field, thus leading to additive contri-
butions to the Nernst effect. Assuming that the effective
surface area occupied by the Bi CNWs in the XY plane of the
nanocomposite film is given by the product of the sample
surface area and the membrane porosity (P ∼ 10%) and
because of the equivalent average linear density of the NWs
along the X and Y directions, it is possible to estimate the
Nernst signal measured along Y using the expression:

SNernstj j � ΔV
ΔT

����
����� LΔTffiffiffi

P
p

LΔV
: ð6Þ

This leads to |SNernst| ∼ 2 μV K−1 for B = 1 T. Although the
Nernst signal in Bi CNWs is significantly lower than that
measured in single crystal Bi at room temperature for the
same field strength (|SNernst| ∼ 30 μV K−1) due to the low mobi-
lities of the charge carriers in the NWs, it is comparable to
that of other classes of materials potentially interesting for
transverse thermoelectric devices.26 In the low temperature
range, the Nernst signal in single crystal Bi increases by several
orders of magnitude, reaching record values (up to 30 mV K−1

at T = 6.8 K for a field strength of 1 T).30 However, this huge
increase in Nernst signal, linked to the very high mobilities of
the free charge carriers (electron and holes) in single crystal Bi

Fig. 6 (a) Room-temperature Nernst voltage at B = 1 T on 230 nm diameter Bi CNWs as a function of the angle between the magnetic field and the
in-plane direction. The temperature difference across the Bi CNW film is 1 K. (b) Variation of the Nernst voltage as a function of the field intensity at
T = 300 K when the magnetic field is applied perpendicular to the thermal gradient.
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at low temperature, is not expected in NW systems where
surface scattering dominates.

5 Conclusions

In this work, we report on the fabrication, as well as on the
structural and thermoelectric properties of 3D networks of
polycrystalline Bi CNWs with mean diameter values ranging
from 23 nm to 230 nm. The interconnected Bi CNWs were
grown by ECD within 3D porous PC polymer membranes. The
XRD results demonstrate the polycrystalline nature of the elec-
trodeposited Bi CNWs, with a progressive XRD peak broaden-
ing with decreasing diameter, indicating a reduction in the
crystalline coherence length. The temperature dependence of
the electrical resistance and Seebeck coefficient were measured
with an electrical and thermal current in the plane of the
nanocomposite film following zig-zag paths along the seg-
ments of the interconnected Bi NWs. The thermopower of the
230 nm diameter sample shows the same negative values and
temperature dependence as polycrystalline Bi with a maximum
in the α(T ) curve around room temperature and a value of
−60 μV K−1. A progressive decrease in thermopower appears
for diameters smaller than 100 nm, due to the increasing
importance of electronic surface states. For the 23 nm dia-
meter sample, α ∼ −33 μV K−1 at T = 300 K. The predominant
contribution of the metallic surface in small-diameter Bi
CNWs is also corroborated by measurements of electrical resis-
tance as a function of temperature. Taking advantage of the
excellent electrical connectivity of the NW network, transverse
thermoelectric measurements were also successfully per-
formed on 230 nm diameter Bi CNWs. Since the length over
which the Nernst voltage occurs in our experiment is more
than a factor of 500 greater than the thickness of the NW-
based film (28 μm) to which the thermal gradient is applied,
large Nernst voltages were demonstrated at room temperature,
reaching 300 μV at B = 1 T for ΔT = 1 K. The estimated Nernst
signal, |SNernst| ∼ 2 μV K−1 for B = 1 T is significantly lower
than that measured in single crystal Bi at room temperature
for the same field strength (∼30 μV K−1) due to the low mobili-
ties of the charge carriers in the CNWs. As recently shown with
magnetic NWs,19–23 the template-assisted synthesis of 3D net-
works of interconnected NWs provides a simple and cost-
effective pathway to fabricate flexible thermoelectric films with
no sample size limitations and excellent control over geometri-
cal features, morphology and chemical composition. These
unique nanoarchitectures based on CNWS show great poten-
tial as lightweight, flexible and shapeable thermoelectric
devices.
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