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Fabrication of nanowire ensemble

Anodisation of aluminium was performed at 40 V in the electrolyte of oxalic acid (0.5 M),
which was regulated at 16°C, via two-step anodisation®! process in order to have homo-

geneous pore diameter. This process resulted in the pore diameter of 69+4 nm and the
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final thickness of 60 ym (which is only dependent on the initial thickness of aluminium
used for anodisation). Electrodeposition was performed after metallising the back side of
the nanoporous alumina with Ti (10 nm thick) buffer layer followed by Au (200 nm thick)
layer. The electrolytes used were based on the previous studies of Bu et al.? and Del Frari
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et a on BisTes_,Se, nanowires and Biy_,Sb,Tes thin films respectively, with a slight

modification to achieve the ideal stoichiometry in these alloys (i.e. BisTes7Seq 3 for n-type
and Big 5Sby 5Tes for p-type) for room temperature applications. 55

The electrolytes are composed of HCIO4 1 M solution containing 10 mM BiyO3, 10.3 mM
TeOq and 1.1 mM SeO, for n-type (BisTes_,Se, ), and 2 mM BiyO3, 12 mM TeO, and 12 mM
SboO3 in 0.4 M tartaric acid for p-type (Biy_,Sb,Tes ). For the pulse electrodeposition
of n-type nanowires, the potentials applied were 0 V and -0.2 V, while for the p-type,
potentials were -0.15 V and -0.3 V. More detailed information about the pulse durations
and electrodeposition setup is described in the reference.® The embedded nanowire film was
annealed at 523 K under Ar/H, for four hours to improve the crystalline structure. Figure S1
shows high-resolution TEM micrographs of the nanowires.

The nanowires were overgrown out of the nanoporous alumina templates through pulse
electrodeposition. The kinetics of growth is not homogeneous in each and every pore of the
template. In order to achieve a smooth surface with same height of nanowires and high-pore
filling ratio, Chemical Mechanical Polishing (CMP) is used for planarization.

The nanowires were then characterised for the composition and crystal structure. AAO
was chemically etched to acquire free standing nanowires. The nanowires were then dis-
persed in IPA, which was later put on the TEM grids by drop casting. The compositional
analysis was carried out on multiple nanowires simultaneously by energy-dispersive X-ray
spectroscopy (EDX) in scanning electron microscope (SEM) in cross-section. In figure S2b,
it can be seen that the stoichiometry of the alloy is constant throughout the length of
nanowires. Similar measurement were carried out to determine the stoichiometry of the

other three ternary alloys as well.



Figure S1: Transmission electron micrographs of single nanowires performed after etch-
ing AAO. (a) BijgsTess55¢07 nanowires electro-deposited at -0.2 V, (b) Bij s5Tes9S€e0.55
nanowires deposited at 0 V, (¢) Big4Sby43Tes 17 nanowires deposited at -0.15 V and, (d)
Big 6Sby.s5Tes 55 nanowire deposited at -0.3 V. Secale on the images is 100 nm. (a) and (c)
are comparatively rougher than (b) and (d).

Determination of thermal conductivity

The 3w method is a well-established and precise measurement technique for determining the
thermal conductivity of thin films and bulk materials.5">'7 This ac thermal conductivity

measurement technique is less sensitive to the errors arising from the black-body radiation

VN

Figure S2: Structural analysis of Bi; 45Tes g55€9 7 nanowires by (a) and (b) energy-dispersive
X-ray spectroscopy in scanning electron microscope.



and these errors are scaled with the characteristic length of experimental geometry.5” In
this method, a metallic strip (platinum) is deposited on top of the sample after isolating it
electrically through an thin insulating layer (Al,O3). This metallic strip has a four-point
probe geometry using a radial flow of heat from a single element, which acts as both, heater
and thermometer (commonly referred to as transducer).

An applied alternating current with an angular frequency of w causes temperature oscil-
lations at 2w due to Joule heating. The magnitude and phase of the oscillations depend on
the vicinity of the transducer. The electrical resistance of the transducer is modulated at
2w coupled through the temperature coefficient of the resistivity (o = %%). The resulting
third-harmonics of the voltage component contains the information of thermal properties of
the underlying layers, which gives information of the thermal conductivity precisely down
to thin films of several nanometers.>”>° However, the ratio of amplitudes of Vi, to Vi, is
small (normally, smaller than 1073), which requires the development of an active electronic
circuit. In order to achieve a high signal-to-noise ratio, it is imperative to cancel out the

S518-520 or by

large 1w signal by using a cancellation step either through nullifying bridge
subtraction with multiplying digital-to-analog converter.?

Usually, an approximate analytical expression is employed to determine the thermal
conductivity ko which is based on slope of the real part of 3w voltage expressed as a function
of logarithmic electrical frequency.5%>° However, there are limitations on the applicability of
slope method which restricts the determination of thermal characterisations only for simple
architectures. In this case, a 2D heat conduction thermal model given by Borca-Tasciuc
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et a was used for the calculation of temperature rise in the general case of multilayer

film-on-semi-infinite substrates. The complex temperature rise in the transducer which is

dissipating a power P/l (W.m™1) (the peak electrical power per unit length) is given by:5!
—P [ 1 sin?(b\)

AT = d\ S1
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where,
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where, n refers to the total number of layers including the substrate with subscript ¢ for the
i'" layer from the top, subscript = and y correspond respectively to the direction parallel and
perpendicular to the transducer and to the film/substrate, b is the heater half width, & is
the thermal conductivity, x,, is the ratio of in-plane to the cross-plane thermal conductivity,
d is the layer thickness and, ~ is the thermal diffusivity. For the substrate layer, © = n and
for substrates with finite thickness, the value of A, depends on the boundary condition at
the bottom of the substrate. For adiabatic boundary conditions A,, = — tanh(B,d,,) and for
isothermal conditions, A, = —1/tanh(B,d,). A, = —1 if the substrate is semi-infinite.
Considering the impact of heater’s thickness (dj,), heat capacity ¢, and thermal boundary
resistance (Ry,) between the heater and film in contact with the heater to the complex

temperature rise of the heater, it is modified as:5'!

1+ (pc)ndpi2w( Ry, + AT2bl/p)

T, = (S5)

where AT is the average complex temperature rise determined from Eq. S1 under the same
heating power. This analytical solution has been applied to determine thermal conductivity
of the array of nanowires embedded in anodic aluminium oxide films. 52!

The fabricated forest of nanowires embedded in amorphous nanoporous alumina tem-
plates have anisotropic thermophysical properties arising intrinsically from the structure.

Thus, the calculation of anisotropy factor holds prime importance in determining the ther-
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Figure 53: The variation of specific heat and thermal conductivity of empty nanoporous
alumina templates with temperature are presented. The specific heat measurements were
carried out using the Physical Property Measurement System (PPMS), and the thermal
conductivity was derived by fitting the experimental data of 3w measurements to a numerical
mode]. 52!

mal conductivity of the nanowires through fitting of the experimental data. In the past,

many theories have been used to calculate the effective thermal conductivity of such compos-

$22,523 S24

ite structures, viz. Maxwell’s effective media theory, multiple-scattering approach,

525 and longitudinal shearing-transverse conduction analogy.528

method of long waves

In our case, we have carried-out a finite element modelling (FEM) simulation using
COMSOL™ goftware considering a hexagonal arrangement of nanowires with a defined
porosity as per the characteristics of the sample under study to numerically determine the
anisotropy. It is assumed that the effective thermal conductivity depends on the volume
fraction of the individual material and not on the arrangement of nanowires. Considering
this fact, simulations have been carried out for hexagonal arrangement of nanowires with a
contact resistance of 5 x 1078m?. K.W~! between the nanowires and amorphous AAO. Since,

the nanowires have been electro-deposited and growth is guided by the internal geometry of

the template, it is assumed that the nanowires are in good-thermal contact throughout the



lengths. The impact on roughness on the thermal contact resistance between the nanowires
and AAO have been neglected in the model as size effects are negligible for amorphous

materials.

(b)

Figure S4: Temperature profile of (a) In-plane and (b) Cross-plane thermal transport. The
colour suggests the rise in temperature in the state condition under the effect of effect of a
temperature gradient.

The thermal conductivity of the empty nanoporous alumina templates have been derived
by fitting the data of 3w measurements performed from 80 K to 350 K using 2D heat con-
duction model.52! In figure S3, the variation of thermal conductivity and heat capacity of
the empty nanoporous alumina templates are presented. In the FEM model, a constant
temperature difference of 100 K is applied to the system in cross-plane and in-plane con-
figurations. The temperature profile is calculated by solving the Fourier law in the steady
state conditions, shown in figure S4, which is used to calculate the thermal conductivity of
the composite film. The heat flux through the system varies with the thermal conductivity
of the material. Yet, in the steady-state conditions, the temperature rise is independent of
the materials that constitute the film and, at the same time, is dependent on the thermal
conductivity of the whole composite film.

Taking into account the thermal conductivity of nanoporous alumina derived from 3w mea-
surement on empty AAO, an FEM model is developed for simulating the variation in

anisotropy of the composite film with different thermal conductivity values of nanowires
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Figure S5: Numerical simulations for the estimation of thermal anisotropy using FEM for
BiSbTe/BiTeSe NWs.

fed to the model at a particular temperature (as shown in figure S5). These variations in
the anisotropy have been used to derive the thermal conductivity of the nanowires. In the
data fitting process, the thermal conductivity was changed and based on the FEM model,

the anisotropy was adjusted for the corresponding value of thermal conductivity.

Extraction of surface roughness

Multiple number of nanowires were studied in TEM and the micrographs are present in
figure S7. The random surface roughness in the nanowires were studied and one of the
example for Bij45Tesg55€¢0.7 nanowires is present in figure S11. The 1D power spectrum
of the nanowires was calculated from the surface roughness profile of the nanowire after
removing the background of the TEM image (as shown in figure S11¢). The averaged power
spectrum was then calculated by analysing and averaging various nanowires (figure present
in the main text). The relation between the power spectrum and the wavevectors ¢ was

used to determine the correlation length. Similarly, the roughness and correlation length
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Figure S6: A flowchart for extracting the cross-plane thermal conductivity of nanowires from
the experimental data.

calculations were carried out for all the nanowires.

1/(0.09) nm

()

Figure S7: Structural analysis of Bij 45Tes g55€0.7 nanowires by (a), (b) transmission electron
microscopy, and (c¢) diffraction pattern of the nanowire.
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Figure S8: Structural analysis of Bij 55Tes 9Seq 55 nanowires by (a), (b) transmission electron
microscopy, and (c¢) diffraction pattern of the nanowire.
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Figure S9: Structural analysis of Big4Sby.43Tes 17 nanowires by (a), and (b) diffraction pat-
tern of the nanowire.
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Figure S10: Structural analysis of BiggSbyssTesss nanowires by (a), and (b) diffraction
pattern of the nanowire.
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Figure S11: Roughness analysis for Bij 45Tesg55¢97 nanowires. (a) Nanowire image after
background removal which was initially retrieved by TEM, (b) surface roughness profile of

the nanowire around the mean value, (c¢) calculated power factor S(q) by taking the Fourier
transform of (b).
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Determination of uncertainty in thermal conductivity

While determining the thermal conductivity through the 3w method, primarily, two sources
of error could arise. Firstly, from the experimental measurements of the temperature rise on
the metal line coming from the setup and, secondly from the extraction of thermal conduc-
tivity from the 2D heat diffusion equation consisting of various physical parameters of the

sample.

Relative error of the setup

The thermal conductivity of the sample is extracted by fitting the amplitude of temperature
rise in the metal line (AT). There are uncertainties arising from the experimental setup and
from the derivation of the temperature coefficient a.

From the relationship
2V3,

AT = [(dR/dT)

we derive the uncertainty by deriving the total differential of (AT) :

|Uan) - 26n) _ franyT (any (damanyt

Note here that both uncertainties coming from the resistance and the slope of the resis-

tance versus temperature are added together because they are correlated. The accuracy of
both V3, and I are given by the specifications of the lock-in amplifier and the current source.
For the lock-in amplifier (AMETEK 7124) the accuracy is +1% of the full-scale sensitivity.
The current source accuracy (home-made setup) is +0.05% + 10 pA for the 20 mA range.
The resistance is measured with (home-made TRMC2) an accuracy of £0.05%.

The uncertainty of the slope (dR/dT) is extracted from the standard error of every
coefficient given by the resulting fit of the resistance. The resistance R is fitted with a

polynomial function :
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N
R=> aT" (S8)
=0
which derivative is given by

N
dR :
— = § ia; T ! (S9)
R

where T is the temperature, a; the coefficients and N the order of the polynomial. The

absolute error on (dR/dT) is given by

N
A(AR/AT) = | Y (iAa;T1)? (S10)

i=0
if we assume that the relative error on the temperature AT /T is small with respect to the
relative error of the coefficients Aa;/a;. For example, if the resistance is well fitted with an

order 2 polynomial :

R = Qo + CL1T —+ CL2T2 (Sl].)

then

dR/dT = a; +2a;,T = A+ B (S12)

where we have defined a; = A and 2a,T = B. The relative error on B is

(@)

hence

2 2
AR ¢ (B0 s (3Y =5 (82) “onar (22) —ora 510
as T sz a2

the error on dR/dT is then

A(R/AT) = \(AA) + (AB) = \/(Aay)? + (2T Aay)? (S15)
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which is equation (S10) for N=2. The assumption AT/T < Aa;/a; is true according to
our experimental values. At 300 K with our PID setting we read T' = 300 + 0.003 K which
represents 1073 % whereas Aa;/a; is at least a few percent. We have access to the Aaq,
values after doing a regression analysis. Generally, A(dR/dT)/(dR/dT) ~ 1%, which leads
to A(AT/T) ~ 1.8%. The uncertainty mentioned under the ’experimental’ section define
the percentage error in determination of the temperature rise plus the error from fitting the

non-linear curve with the previously derived values of AAO (whose error is also considered).

Thermal Boundary Resistance

The temperature variation of thermal boundary resistance in between the metal line, the
insulating alumina top layer and the substrate is experimentally determined through differ-
ential 3w method using different thicknesses of the alumina films. The error mentioned in
the "TBR’ section refers to the uncertainty arising in the value of the thermal conductivity
when these measured TBR are changed during the fitting process between their extreme

points (1 x 1078 — 7 x 107® W.m?.K™1).

Anisotropy

As the arrangement of the nanopores is nearly hexagonal, the porosity is observed through
SEM images from the top side and back side of the AAO. The calculation of thermal con-
ductivity are made while taking the average between the top and the bottom side. As a
matter of fact, this porosity decreases along the length of the pores. If the considerations
are made for the extreme porosities observed in the AAO template, the value of anisotropy
changes and its effect on the thermal conductivity value as mentioned under the ’anisotropy’
section. Other sources of error, which include the physical parameters like the specific heat
and the thickness of the layer, were measured with high accuracy and were found to have a

negligible impact on the final determined thermal conductivity.
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Monte Carlo simulation of BisTe; bulk and nanowire

The thermal conductivity of nanostructures like thin films and nanowires can be obtained
by solving the Boltzmann Transport Equation (BTE) in the frame of the relaxation time
approximation. This can be done using different numerical techniques, among them the
Monte Carlo solution of the BTE has demonstrated its ability to model nano- and micro-
structured semiconductors. In the present work, the techniques developed for the modelling

of silicon nanowires>27,528

were used for Bi;Teznanowire modelling.

With this MC technique the square nanowires (70 nmx 70 nm) with length of 1 um
are considered. A thermal gradient AT=4 K is set between the bottom and the top of
the nanowire and film (bulk case) in order to derive the thermal conductivity from phonon
heat flux calculation. The latter phonon transport property, is statistically derived from
energy carriers displacement and scattering. Basically, with this technique phonons are
described by energy quanta that are allow to drift and scatter through Normal, Umklapp
and Impurity interactions. The main distinction between nanowire and thin film lies in the
phonon scattering boundary condition set on the edge of the structure. For thin film phonons
are specularly reflected and thus no thermal resistance is considered, while in nanowires
phonon are diffusely reflected. This technique is extensively detailed in the above reference.
Here, the main new input lies in the evaluation of phonon lifetime. They are derived from
isotropic assumption of phonon dispersion along a and ¢ axis of BisTes, Gruneisen parameter
and Debye temperature according to Morelli et. al.5%

As explained in the manuscript, further thermal conductivity reduction can be expected
adding a supplementary lifetime for the phonon grain boundary scattering. In practice,

depending on the grain size, the phonon mean free path can be decreased, especially at

lower temperatures where only impurity and defect scattering dominate.
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