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Abstract

Pnictogens and chalcogenides compounds have been seen as high-potential ma-
terials for efficient thermoelectric conversion over the past few decades. It is also

believed that with nanostructuration, the properties of these pnictogen-chalcogenides



compounds can be further enhanced towards a more efficient heat conversion. Here, we
report reduced thermal conductivity of a large ensemble of BisTes alloy nanowires with
selenium for n-type and antimony for p-type (BixTes_,Se, and Biz—;Sb,Tes respec-
tively). The nanowire growth was carried out through electrodeposition in nanoporous
aluminium oxide templates with high aspect ratios— leading to high density (10 /cm?)
of nearly-identical nanowires. The temperature dependence of thermal conductivity
for the nanowire ensembles was acquired through a highly-sensitive 3w measurement
technique. The change in the thermal conductivity of nanowires is largely affected by
the surface roughness rather than the presumed confinement effect due to enhanced
boundary scattering. The major factor that influences the thermal conductivity was
found to be the ratio of the rms roughness to the correlation length of the nanowire.
With Seebeck coefficient and electrical conductivity at room temperature, the overall
thermoelectric figure of merit, Z7T', of the nanowire ensemble was calculated with a

maximum value of 0.3 at 300 K for the Bij 55Tes 9Seqg 55 sample.

Despite being considered undesirable in most of the cases, waste heat happens to be
one of the most significant source for energy recovery. Significant growth of interest has
been seen over the last few decades for developing the field of recapturing waste heat for
generating electricity from a gradient of temperature using the Seebeck effect.! For this
purpose, a new generation of thermoelectric generators (TEGs) is emerging, capable of this
energy conversion, that are made up of nanomaterials that allow the generation of electricity
even at the nanoscale.*”

The figure of merit of a thermoelectric (TE) material is characterized by a dimensionless
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parameter, Z1T = where o is the electrical conductivity, S is the Seebeck coefficient, T
is the temperature and « is the thermal conductivity. The reduction in thermal conductivity
through phonon engineering alongside high power factor (¢5%) in the materials are being
employed for enhanced thermal cooling and power generation with increased efficiency for

energy harvesting.® Extensive research is undergoing to find new thermoelectric materials

for large-scale practical applications by two means: (1) structural engineering of existing

2



materials for reduced thermal transport or (2) development of new complex materials with
inherently enhanced TE properties.?1°

The best candidates for high ZT" materials are often nanostructured doped semiconduc-
tors. Among them, typically used TE materials are pnictogen-chalcogenides alloys as they
exhibit the highest ZT for bulks at room temperature;*!! the most common commercial
application being provided by bismuth telluride and its alloys (with selenium and antimony)
over the temperature ranges of 200-400 K.? The layered crystal structure of BiyTes acts as
natural scattering points for phonons inducing a low thermal conductivity. At the same
time, it also produces a narrow electronic gap with six degenerated valleys which leads to
good electrical conductivity, thus making the family of Bi;Tes compounds attractive for
thermoelectric materials. If experimental evidence of reduced thermal conductivity has been
shown with 40 nm diameter nanowire of BiyTes compared to the bulk value,'?'® no exper-
imental work has been dedicated to the temperature variation of the thermal conductivity
of nanowires the different n and p alloys. Indeed, there exists the possibility to tune the
phononic contribution of the thermal transport by reducing the dimensions of the system.
In this context, nanowires have been one of the most promising contender for obtaining
low thermally conductive materials with state-of-the-art high electronic conductivity and
Seebeck coefficients, a step towards electron-crystal phonon glass systems.!%!7 In the past,
numerous studies have been carried out for various types of individual nanowires, however,
these measurements depend significantly on the physical and chemical properties of the par-
ticular nanowire under study. Consequently, there is high probability of finding variations
between nano-objects as it arises from the study of sole systems. Hence, it is evidently detri-
mental to measure single object for the demonstration of efficiency of macroscopic scale TE
device involving a significant large number of nanowires.

Therefore, in this work, the major objective is to investigate the thermal properties of a
very large assembly of BisTe;_,Se, /Biy_,Sb,Tes alloy nanowires embedded in nanoporous

alumina template (AAO). Alumina holey membrane are thought to be one of the ideal



building block of a new generation of TE module because of its capability to serve as a
template for the growth of highly ordered embedded nanostructures. The AAO templates
provides a mechanical support to nanowires with very high-aspect ratios. Indeed, dense
forests of nanowires can be a potential architecture for TE devices where each nanowires act
as a leg of the thermoelectric generator, given that appropriate connections between differ-
ently doped nanowires are made.>!®2% The dense forest of BiyTes_,Se, /Biy_,Sb,Tes alloy
nanowires with constant diameter is grown-through the bottom-up growth technique— by
electrodeposition inside the nanoporous anodic aluminium oxide templates, where the geom-
etry of nanowires is determined by the internal pore geometry. 321723 The thermal properties
of these forests of nanowires are measured in the same configuration as the proposed architec-
ture for TE modules or energy harvesting systems. The thermal conductivity is determined
by using the 3w method adapted to anisotropic media.?* The observed reduction of ther-
mal conductivity as compared to the bulk is related to the geometrical parameters of the

nanowires viz. reduced diameter, grain size and surface roughness.

Experimental Section

The growth of embedded nanowire forest of pnictogen-chalcogenide alloys (BiyTes_,Sey for
n-type and Biy_(Sb,Tes for p-type) was performed with the help of nanoporous anodic alu-
minium oxide templates, well-known for the fabrication of ordered nanostructures. Anodising
of aluminium in acidic electrolytes leads to the formation of AAO templates.?’ Based on the
self-organising regime, they have been used for the synthesis of ordered nanostructures (Fig-
ure 1a shows top-view of AAO template used for the growth of nanowires) with high aspect
ratios and tunable morphologies. Especially because of the relationship between its charac-
teristic morphologies and the anodizing parameters (applied voltage, type, concentration and
temperature of the electrolyte etc...#%*" Highly-dense arrays of BiyTez_,Se, and Biy_,SbyTe;

nanowires were grown by the method of electro-deposition in these AAO templates (descrip-
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Figure 1: (a) Pore diameter histogram with the inset of SEM micrograph (scale is 500 nm)
of the top-view of AAO with FFT for calculating the mean interpore distance (100 nm).
The maximum is located around 70 nm.(b) Schematic of different layers in the sample used
for studying the thermal properties of the nanowires.

tion of the fabrication procedure is detailed in Supporting information). Figure 1b shows
the structure of embedded nanowires with different layers deposited for carrying out thermal
measurements.

The high resolution transmission electron microscopy (HRTEM) revealed that the as-
grown nanowires werq polycrystalline in nature textured along the growth directions of [0
15, [1010] and [1 1 0]. As their dimensions are homogeneous to a certain degree, the
determined values are an averaged value over a large ensemble nanowires (around 0.06 mm? ).
Measuring embedded nanowires in the templates has practical advantages, primarily the ease
in post-fabrication process compared to the challenging lithography steps involved in the single
nanowire measurements. It also prevents the nanowires from coming in contact with air
which leads to surface oxidation. Such surface oxidation might modify the transport properties

of the nanowires, which can induce errors during single nanowire measurements.*® It is also
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Figure 2: Extraction of the rms (o) roughness and correlation length (I....) calculated from
the HRTEM micrographs of single nanowires for (a) BiggSbgsTess5 nanowires electro-
deposited at -0.3V (o= 3.5 nm, l.= 8.8 nm), (b) Big4Sb;43Tes 17 nanowires deposited
at -0.15V (0= 2.2 nm, l.pr= 5.7 nm), (c) Bij 55Teqs9Seq 55 nanowires deposited at 0V (o=
2.1 nm, lepr,= 10.1 nm) and, (d) Bij.45Tes855€¢0.7 nanowire deposited at -0.2V (o= 2.1 nm,
leorr= 1.8 nm).

worth mentioning that the embedded nanowires are encapsulated in AAO and thus the effect
of radiation losses are insignificant, which is not the case in single nanowire measurements.

The crystal structure and the roughness of the nanowires are two crucial parameters for
understanding the heat transport, both of which were extracted from the HRTEM images. The
roughness is defined as the variation of the diameter around the mean value, at the atomic
scale, along the main axis (y axis) A series of high-resolution images of the nanowires were

acquired to ascertain the average roughness on the nanowire surface and electron diffraction



patterns at different points on the nanowire to understand the crystal structure along the
growth axis of nanowires. The diameter of nanowires was also confirmed through the HRTEM
images and was found to be within the error coming from the pore diameter in AAO. To
extract the surface roughness of the nanowires from the high resolution images, firstly, a
background subtraction was applied and then the power spectrum S(q) was calculated from
the averaged surface roughness amplitudes (over multiple nanowires).

In order to understand the scattering of phonons on a real surface, not only the roughness
plays a role but also their correlation along the nanowire. This is done by calculating the
power spectrum determination of the correlation length, a crucial number to understand
phonon transport in 1D nanosystems.?® The autocovariance function,%%! C(y), of a random
rough surface follows an exponential relation with the rms roughness o and the correlation

length l.orr with the following equation

C(y) = o exp (l_y ) (1)

corr

The correlation length is a statistical parameter determining the decay of the autocovariance
and related to the lateral length scale of the roughness. The Fourier transform of the auto-
covariance function renders to a Lorentzian form, which is actually the power spectrum by

convolution theorem
2 1

=2
S(C]) lcorrg [1 + (27Tlcorrq)2]

(2)

The averaged power spectrum was then calculated by analysing various nanowires of the same

ortging(Figure 2). The relation between the power spectrum and the wavevectors q was used
to determine the correlation length by using Eq. 2. Fhermsrouvghress—and Ly bothplayan

Thermal conductivity measurements were carried out on the thin composite films of em-

bedded nanowires in warmoporows—atuming, a system characterized by its anisotropic thermal

properties. Determination of the nanowire thermal conductivity is based on 2D heat conduc-
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Figure 3: Temperature dependence of cross-plane thermal conductivity for (a)
Big 6Sb1.g5Tes 55 nanowires electro-deposited at -0.3V, (b) Big4Sby 43Tes 17 nanowires de-
posited at -0.15V, (c) Bijs5Tes95¢e055 nanowires deposited at OV and, (d) Bij 45Tes g55¢0.7
nanowire deposited at -0.2V.

tion model for multilayer-on-finite substrate case (method for the determination of thermal
conductivity is detailed in Supporting Information). The 3w measurements were carried out
from 100 K to 340 K in cryostat under high vacuum (<10~° mbar) conditions. In Figure 3,
the temperature dependence of cross-plane thermal conductivity is plotted for the four differ-
ent samples (two p- and two n-type which are of different stoichiometry). In the literature,
the lattice component of bulk r for BisTes is = 1.5 W.m LK™ in the plane perpendicular
to c-azwis (kq, cleavage plane) and ~ 0.7 W.m K~ in the plane parallel to c-azis**(k.)

at 300 K. The thermal conductivity depicted in the Figure 3 contains both the lattice and
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electronic contribution to the thermal transport. Hence, it is necessary to acquire the lattice
component in order to compare any reduced thermal conductivity due to confinement effects
in nanowires. The +Y-eharacteristie and Seebeck coefficient measurements were performed
NWs deposited at 0 'V and -0.2 V for n-type and -0.15 V and -0.3 'V for p-type alloys®

Table 1: Type of nanowire samples 70 nm in diameter, chemical compositions, electric and
phonon lattice thermal conductivities along with the ZT" factor of merite at 300 K.

Sample Deposition Chemical S33 pe3 K ZT
potential (V) | compositions®* | (z V/K) | (mQ.cm) | (W.m~1.K™)
n—type -0.2 Bil_45T82.85860.7 -39 0.956 0.6 0.07
BigTeg_ySey 0 Bil_55T€2.QS€0.55 -36 0.289 0.4 0.3
p-type -0.15 Big.4Sby 43Tes 17 +105 131 0.5 0.005
Big_XSbXTeg -0.3 Bio.ﬁsb1‘85T€2,55 +108 527 0.5 0.001

The electrical measurements were done with NWs embedded in AAO as the latter being
an insulator (electrical resistivity 10" ), which is making sure that all the current passed
through the NWs. The evolution of the resistivity was measured as a function of temper-
ature using the Physical Property Measurement System (PPMS). The embedded nanowire
film was annealed at 523 K under Ar/Hs for four hours to improve the crystalline structure.
Multiple nanowires were connected through the contact pad made of aluminium, where the
number of nanowires were estimated using the porosity and pore-filling ratios. The resis-
tivity of the single nanowire was calculated by assuming that each of the nanowires has the
same resistance and connected in parallel. However, errors may arise in the estimation of
the resistivity of single nanowire from the unaccounted broken nanowires while deducing it
from the measurement on the set of nanowires. The correlation between morphology and
electrical conductivity is relatively compler. However, it is easy to understand that the elec-
trical conduetivity—ts—mproved as the grain size increases, because the mobility is enhanced
by reducing the carrier scattering on the grain boundaries as the grains grow.® In addition,
bismuth telluride is known to have anisotropic electrical conductivity which depends on the

alloy composition. Any deviation in crystallite orientation from the expected crystal and
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any improper doping (anti-site) could strongly influence the material properties.** Especially
in the case of polycrystalline p-type NWs, the large number of grain boundaries and crys-
talline structure defects should play a major role in the increase of electrical resistivity.>%
The Seebeck coefficient was also experimentally derived for the whole array of NWs by using
overgrown nanowires from the templates as good thermal and electrical contact.’” The low
Seebeck value, in comparison with bulk and films,® is due to a high carrier density induced
by the strong deficit in bismuth which leads to the creation of anti-site Te electron donor
defects.?® A similar effect is observed for p-type NWs. Moderate Seebeck values are obtained
because of an excess in charge carrier concentration induced by the large density of anti-site
defects currently obtained in BiSbTe systems. For NWs, it is very difficult to correlate the
Seebeck coefficient value to the composition, especially for polycrystalline nanowires, since
this would require the measurement of carrier concentration, which is not an easy task.

The Wiedemann-Franz law (ke = 0 LyT ) was used to calculate the electronic contribution
to the thermal conductivity from the electrical conductivity and hence deduce the phononic
(lattice) component of thermal conductivity. Usually, Lorentz number, Ly, is considered as
a universal constant of 2.44 x 107 8WQK =2 derived for the degenerate limit, however, sig-
nificant deviations occur for non-degenerate semiconductors which is often related to the
increased thermopower S.%%4? Important information to take note here is that the Ly de-
pends on the band structure, position of the Fermi level and temperature — in the case of
semiconductors this leads to carrier concentration. In the past, analytical solution of Lg
based on the single parabolic band (SPB) model obtained by solving the Boltzmann transport
equations (BTE) have been often employed. One such approximate solution was provided by
Flage-Larsen et al.#® based on the SPB model as a function of carrier concentration n and
m*T3/% (mx) is the effective mass) along with multiple parameter sets of distinct mechanisms
for scattering. Recently, it has been seen that the correlation between Lo and the measured
S of the material can be exploited to estimate the ky with better accuracy for different ther-

89-42

moelectric materials. A first order correction based on Seebeck coefficient can be applied
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to the degenerate model assuming a single parabolic band/acoustic phonon scattering.* The
equation, Ly = 1.5+ea:p(%) (where Lg is in 1078WQK=2 and S is in uV/K), is considered
to be a satisfactory assumption. 44

The extracted cross-plane phononic thermal conductivity, as obtained from the data treat-
ment explained above, is compared for all four samples in Figure 4a to the thermal conduc-
tivity of a mix of c-axis and a-axis of Bis Tescomputed by solving the Boltzmann Transport
Equation in the frame of the relaxation time approximation. The first thing that we learn is
a reduction of thermal conductivity to 0.6 W.m 1. K=! as compared to 1.5 W.m *.K~! and
0.7 W.m™ L. K=t for two major azis of the bulk for T=200 K. However, since the averaged
bulk phonon mean free path of bismuth telluride is only 3 nm,4° this reduction of thermal
conductivity cannot be attributed only to the small diameter of nanowires (70 nm).

The numerical simulations, as shown in Figure 4a were done using the Monte Carlo
technique to compute the thermal conductivity for Biy Tesin a nanowire of 70 nm in diameter
and 1 pum of length. The latter thermal conductivities in nanowire and bulk were obtained
along a and c-axis, and were averaged in order to replicate the random distribution of the
two main axis. This shows that part of the reduction in thermal transport comes from the
reduction of the nanowire diameter. However, as the temperature is decreased, a significant
departure from the simulation is observed which is associated to enhanced phonon-boundary
scattering on the rough nanowire surfaces. Another explanation of the low temperature dis-
crepancies might arise from the alloying disorder or grain boundary scattering which is not
taken into account in the Monte Carlo modeling. When temperature is decrease these scatter-
ing mechanisms shall hinder phonon with larger mean free path, while Normal and Umklapp
mechanisms dominate at higher temperatures. Details about the Monte Carlo simulations*%
are provided in the Supporting Information.

When comparing the phonon thermal conductivity of the four different bismuth telluride
nanowires under the criterion of surface roughness, a pronounced effect exists at low tem-

peratures, with a significant decrease of k(T') especially in Bij 45Tes g55€eg7. Both o and leopy
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Figure 4: (a) Lattice thermal conductivity, as calculated from the experimental values of total
thermal conductivity. (b) Variation of the thermal conductivity at two different temperatures
150 K and 200 K as a function of the ratio between the roughness and the correlation length.
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determines the surface roughness of the nanowires, however, the thermal conductivity reduc-
tion is strongly related to the factor o/l as shown in Figure 4b. The enhanced reduction
from roughness could possible arise from the backscattering of phonons or due to trapping
of phonons between the roughness features by multiple boundary scatterings. Lim et al. also
proved for silicon nanowires that the factor of o/l hold more importance in determin-
ing the reduction in thermal conductivity rather than the o or leorr alone.?’ It is striking to
note that in our experiment even if the mean free path of phonon is much smaller than the
nanowire diameter, the effect of the factor o/l on the decrease of thermal conductivity
still hold.

In conclusion, temperature dependence of thermal conductivity has been established using
3w method for embedded nanowires of BiyTes_,Se, and Biy_,Sb, Tes nanowire forest. Siz-
able decrease in thermal conductivity is observed in nanowires of diameter 70 nm at room
temperature as compared to bulk, but, enhanced reduction in thermal conductivity is shown
for lower temperature. The reduction in the thermal conductivity as compared to the bulk
is strongly linked to the reduction of the diameter but also to the surface roughness dimen-
sionless factor of o /leorr. A correlation is shown between o /l.om and the decrease of thermal
conductivity, a signature of significant phonon scattering on surface roughness. This shows
that low thermal conductivities can be obtained for large number of nanowires embedded in
alumina matrix. Further efforts in improving the electrical conductivity along with increased
roughness with this 3D cross-plane architecture of nanowires could lead to new concept of

macroscopic thermoelectric devices based on nanowires.
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