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Zusammenfassung

Polykristalline Bis Teg-Nanodriahte werden elektrochemisch in ionenspurgeétzten Poly-
carbonat-Membranen abgeschieden. Abscheidungen wurden unter potentiostatischen
Bedingungen in Membranen mit Dicken von 10 bis 100 pm durchgefiihrt. Die kleinsten
beobachteten Nanodrahtdurchmesser waren 20 nm in diinnen Membranen und ungeféhr
140- 180 nm in dickeren Membranen. Der Einfluss der verschiedenen Abscheideparam-
eter auf die Wachstumsgeschwindigkeit der Nanodrahte wird gezeigt. Langsameres
Wachstum wurde durch gezielte Anderung der Abscheidepotentiale und niedrigere
Temperaturen erzielt. Eine Verlangsamung des Wachstumsprozesses wirkt sich pos-
itiv auf die Ausbildung einer bevorzugten Kristallorientierung und die Oberflichen-
rauhigkeit der Drdhte aus. Im Bezug auf strukturelle Charakteristiken bestétigen
Rontgendiffraktionsmessungen und Transmissionelektronemikroskopie das Wachstum
von BiyTesz und belegen die Stabilitdt einiger Eigenschaften, z.B. Korngréfen oder
bevorzugte Orientierung von Nanodrihten, hinsichtlich Anderungen der Abscheidebe-
dingungen. Das Wechselspiel der Herstellungsparameter, wie Temperatur, Abscheide-
potential und Nanokanaldurchmesser wird fiir Drahte, die in 30 pm dicken Membranen
abgeschieden wurden, aufgezeigt. Aus den Rontgendiffraktionsmessungen ist erkenn-
bar, dass die Vorzugsorientierung von Nanodridhten durch die Wachstumsbedingungen
variiert werden kann, dies aber auch abhéingig vom Durchmesser der Nanokanéle ist.
Sowohl (015)- als auch (110)-Reflexe wurden fiir die Nanodrahtarrays beobachtet. Mes-
sungen mittels energiedispersiver Rontgenanalyse deuten auferdem darauf hin, dass
eine Verdinderung des Nanodrahtdurchmessers auch zu einer Anderung der Element-

zusammensetzung der Drahte fithren kénnte.
Abstract

Polycrystalline BisTes nanowires are electrochemically grown in ion track-etched
polycarbonate membranes. Potentiostatic growth is demonstrated in templates of var-
ious thicknesses ranging from 10 to 100 pm. The smallest observed nanowire diameters
are 20 nm in thin membranes and approx. 140- 180 nm in thicker membranes. The in-
fluence of the various deposition parameters on the nanowire growth rate is presented.
Slower growth rates are attained by selective change of deposition potentials and lower
temperatures. Nanowires synthesized at slower growth rates have shown to possess
a higher degree of crystalline order and smoother surface contours. With respect to
structural properties, X-ray diffraction and transmission electron microscopy verified
the growth of BisTes and evidenced the stability of specific properties, e.g. grain size
or preferential orientation, with regard to variations in the deposition conditions. The
interdependency of the fabrication parameters, i.e. temperature, deposition potential
and nanochannel diameters, is demonstrated for wires grown in 30 pm thick mem-
branes. It is visible from diffraction analysis that texture is tunable by the growth
conditions but depends also on the size of the nanochannels in the template. Both
(015) and (110) reflexes are observed for the nanowire arrays. Energy dispersive X-ray
analysis further points out that variation of nanochannel size could lead to a change in

elemental composition of the nanowires.
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1. Introduction

For more than 50 years, bismuth telluride-based compounds have been and
continue being the most efficient thermoelectric materials available for devices
operating at room temperature. The suitability of a material for thermoelectric
application is commonly described by the value of the so-called thermoelectric
figure of merit (Z7T'). Due to the correlation between the different physical quan-
tities contributing to the figure of merit, namely thermal conductivity, electrical
conductivity and Seebeck coefficient, only minor progress has been made with

respect to improvement of thermoelectric materials in the last decades [1].

Recent efforts have been devoted to the aim to increase the thermoelectric ef-
ficiency by either engineering completely new materials with improved qualities,
or, as it has been recently proposed, by enhancing the properties of readily well-
known materials by size reduction [2,3]. When the size of a material is reduced
and becomes comparable to intrinsic length scales, e.g. spin diffusion length or
mean free path of charge carriers or phonons, finite size [4,5] or quantum size
effects [6] occur. This offers a new path for the enhancement of thermoelectric
properties in conventional materials with additional degrees of freedom in the

modification of materials properties.

Significant improvement of the figure of merit is expected, e.g. by quantiza-
tion of the energies of the charge carriers [4,5]. This can manifest itself as a
size dependent change in band structure, leading to a beneficial variation of the
charge carrier density of states near the Fermi-level and thereby an enhancement
of the Seebeck-coefficient of the material. Sufficiently small lateral dimensions
are also suggested to exhibit phonon confinement effects in bismuth telluride
(BigTes) quantum wells [7]. As readily shown on bulk material [8], bismuth tel-

luride based superlattice structures [9] and multilayered spark-plasma sintered
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BigTes [10], enhanced phonon scattering can offer significant improvement of

the thermoelectric properties.

With the advantages that bismuth telluride has demonstrated as a thermo-
electric bulk material and the recent progress for thin films and superlattices
based on BisTes, it is reasonable to consider this compound semiconductor as a
model system to investigate the implications of low-dimensionality on thermo-

electric materials.

Theoretical works have repeatedly pointed out the possibility to significantly
enhance the thermoelectric properties of bismuth telluride, when grown as nano-
wires with small diameters [2,11,12|. Experimental validation is still pending,
but first results on the reduction of the thermal conductivity of single nanowires
with diameters in the range of 44-50nm |[13] are promising. However, it is
suggested that further size reduction is necessary and parameters such as wire

crystallinity and composition need to be highly adjustable.

In this work, BisTez nanowires are successfully synthesized by electrochemical
deposition in ion track-etched membranes. Fabrication of suitable membranes
by heavy ion irradiation of polycarbonate foils at the UNILAC linear accelerator
at GSI, chemical etching and subsequent electrodeposition of bismuth telluride
in the nanochannels enabled the synthesis of nanowires with diameters as small
as 20nm and nanowires with length of 100 pm. A systematic study was con-
ducted on the influence of all relevant deposition parameters, e.g. electrolyte
concentration, deposition potential and temperature, on the growth process.
For a specific electrolyte, morphology, composition and crystallographic prop-
erties were investigated on nanowires with different diameters and lengths, as a

function of both, deposition potential and temperature.



2. Thermoelectricity

The field of thermoelectricity covers the physical effects associated with the
coupled appearance of thermal and electrical currents and hereby the transfor-
mation from thermal to electrical energy and vice versa. Since the discovery of
the basic principles in the first half of the 19th century, the technological po-
tential of thermoelectricity has been quickly established and recently regained
importance outside the conventional niche applications, due to the need for cool-
ing structures for microelectronic circuits and the search for environmentally
conscious and energy saving techniques [1,14,15]. The basic principles gov-
erning the thermoelectric properties of bulk materials are the Seebeck, Peltier
and Thomson effect, as well as Joule heating. The Seebeck effect describes the
coupling between an existent temperature gradient in a material d7° and an
observed change in the electrical potential dU along the gradient, according to
S = ‘;—g, where S is the so-called Seebeck coefficient. The origin for the buildup
of potential difference is the different energy and hence velocity distribution of
the charge carriers, leading to a net flow of charges from the hot to the cold
side of the material. Thus S depends on the majority charge carrier type, being
positive for p-type and negative for n-type material. The Peltier coefficient I7
determines the rate of heat exchange as a function of an electronic current [
according to ) = II I and can also be expressed in terms of the Seebeck coef-
ficient by I = ST. Analogously, the Thomson coefficient 7, which describes

the temperature dependence of S, can be written as 7 = T g—;.
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2.1. Basic Principles - Thermoelectricity and

Figure-of-Merit

Despite their low efficiency, thermoelectric devices are indispensable in many
areas of research and everyday’s life. They offer several advantages over more
conventional techniques. Depending on the employed materials and without the
production of exhaust fumes, as well as cooling agents, these systems are con-
sidered environmentally friendly. In addition, the scalability of thermoelectric
devices, offers the possibility for selective cooling on the microscale, e.g. for
electronic circuits and the potential for size-reduced thermal sensor systems.
Furthermore, it is worth mentioning that the avoidance of mechanical parts
in thermoelectric devices renders the devices noise- and maintance-free, making
them especially suitable for applications where long-time self-sustainable energy
harvesting is needed, such as the powering of satellites [1]. In order to be able to
compare the suitability of different materials for the usage in thermoelectric ap-
plications, the dimensionless so-called figure-of-merit ZT" has been introduced.
For current state-of-the-art materials, ZT' ~ 1 [1]. It is a function of the phys-
ical properties of the material, namely the Seebeck coefficient S, the electrical

conductivity o, the thermal conductivity x and the absolute temperature T,

2 2
7T = &T — &T' (2.1)
K Kl + Ke

The Seebeck coefficient is a band structure dependent quantity, correlating an
observed change in the electrical potential as the result from an applied temper-
ature gradient along a material. In the aforementioned notation of the figure of
merit, the thermal conductivity is the sum of the electronic thermal conductivity
ke and thermal conductivity of the lattice k;. Especially changes in the lattice
contribution should be considered for optimization of a thermoelectric material,
since enhancing the electrical conductivity increases the thermal conductivity
by charge carriers at the same time. A correlation between the electrical and
the thermal conductivity was already phenomenologically observed for different

metals by Wiedemann and Franz in 1853 [16]. For bulk metals, the ratio of the
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electronic contribution to the thermal conductivity and the electrical conduc-

tivity is theoretically given by

Ke 1 (7kp
o 3

——>2T=1;T, (2.2)

e

where L is the Lorenz number, which is given by 2.44-1078 W-Q-K—2. Fig.2.1
shows a schematic view of a basic thermoelectric device, built of a p- and a
n-type semiconducting leg. Both semiconductors are electrically connected in
series, while they are thermally connected in parallel. When a temperature
gradient is applied to the device (Fig.2.1 (left)), the difference in the charge
carrier velocity distributions on the hot and cold side of the n- and p-type legs
of the device yields the formation of a usable potential drop and an associated
electrical current. This illustrates the basic principle for energy harvesting by
thermoelectricity. If an external current source is applied to a device with the

same layout (Fig.2.1 (right)), selective cooling or heating occurs, depending

on the flow direction of the charge carriers, demonstrating the basic mode of

Active Cooling

operation of a Peltier cooler.

Heat Sink

Load Source

Figure 2.1.: Sketch of simplified thermoelectric devices with one n-type and one p-type
semiconducting leg. Cold areas are depicted in blue, warmer areas in red. Dependent on

the configuration, the systems can be used for energy generation (left) and or for cooling
(right).
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For a thermoelectric generator with two branches, operated with a given re-
sistance R and an electrical current I, the efficiency can be written as [15]

RI?
Sp — S)ITy, + NIy, — T.) — $RI?

n= o (2.3)

which corresponds to the ratio of the power of an external load and the heat
flow to the cold side of the device structure. T}, and T, are the temperatures at
the hot and the cold side, respectively. The Seebeck coefficients of the n-type
and p-type legs are given by S, and S,, and the maximum thermal efficiency at
the mean temperature T}, is described by

T, -T. 1+ZT, -1
7 Th  VT+ZT, + 75

(2.4)

For the ideal case that ZT,, — oo, the efficieny approaches the Carnot effi-

ciency n. = ThT;hT‘

Even though the parameters which need optimization to increase the effi-
ciency of thermoelectric modules are application dependent, e.g. high thermal
conductivity and high power factor S%¢ for cooling purposes, Z7T enhancement
is generally desired to boost the performance of the devices. Improvement of
the thermoelectric figure of merit would not only be beneficial to applications
such as energy harvesting by temperature gradients or Peltier cooling for re-
frigeration on large scale, but also for low-dimensional sensoric devices. With
an enhanced ZT', the signal-to-noise ratio (SNR) and the detectivity of thermal
sensors will be increased. At the same time, noise-equivalent-power (NEP) and
thermal time constant can be reduced, the latter determining the time for the
read out of information of a thermal sensor, which is of great importance for

time-resolved monitoring.

The interplay between the various contributions to ZT is schematically de-
picted in Fig.2.2. It is shown that an increase of S alone is not sufficient for
an improved Z7T, since o is the reduced at the same time. Higher n is also
counterproductive, due to the reduction in S and the increase of the electronic

component of the thermal conductivity.

In the work of Hicks and Dresselhaus [3] the thermoelectric figure of merit

was evaluated in the approximation for a material with a single parabolic band
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Insulator Semiconductor Metal Insulator Semiconductor Metal
S o
2 Ke
So
K
increased increased
charge carrier concentration charge carrier concentration

Figure 2.2.: Dependence of power factor and the charge carrier and lattice thermal con-

ductivity on the carrier concentration. (adopted from [1] ch.9)

and the additional prerequisite of constant relaxation times 7 for charge carriers.
Commonly, relaxation times are energy dependent according to T = 19&”, where
€ is reduced charge carrier energy in terms of kpI" and 7( is a constant. For
acoustic phonon scattering r = —1/2, 1/2 for optical phonon and 3/2 for ionic
impurity scattering. From the measurements of Kulbachinskii et al. [17], it is
assumed that the » = 0 is a valid approximation for BisTes based materials
at temperatures exceeding 77K, since r has been found to vary from —1/2 to
1/2 in the temperature range from 77 to 300 K. The different contributions to
the thermoelectric figure of merit can be rewritten as functions of Fermi Dirac

Integrals F,, :

5m

F, = Fp, (C*) = -4 : 2.5
)= [ e (2.5

where (* is the reduced chemical potential (i.e. in terms of kg T") and ¢ is the re-
duced charge carrier energy with respect to either the bottom of the conduction
band or the top of the valence band, for electrons and holes, respectively. Fj,
represents the influence of the density of states (DOS) on ZT and specifically
the variation of the electrical transport properties as a function of the chemical
potential and hereby the position of dopant or impurity levels in the band gap.

Hicks and Dresselhaus have arbitrarily chosen the charge carrier movement to
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be in z-direction, without loss of generality. For the electrical conductivity, this

yields

[SIE

Fi-epy (2.6)

0 =n-ely = 1
2

3
1 [2kpT\?

a2\ a2 ) ()
with n being the charge carrier density, m; the effective masses and pu, the mo-
bility in x-direction. The Seebeck coefficient and the charge carrier contribution

to the thermal conductivity are given by

Fs k "+ : holes
S—+(2.2_)|tE (2.7)
3 F% € s electrons
Th? (2kpT 3 My My 3 7 25F32/2
Ke = —5 g kg | =Fs — (2.8)
67'['2 hQ My 2 2 6F1/2
Fs 2
(8 A -c) A
ZTsp = 2 2.9
3D 1 N T o 25F32/2 ( )
B 2 5 6F /2
1 [2kpT\? k2T
- B LRl
B = 3.2 ( 2 > (mamym;)? - (2.10)

Under the condition of the constant-relaxation time approximation, the given
form of ZT5p (equ.2.9) exhibits two possible directions for the tuning of ther-

moelectric properties in bulk materials.

The first approach is to find materials with suitable intrinsic properties. These
characteristics are represented by the factor B (equ.2.10) and include the effec-
tive charge carrier masses and mobilities, as well as the lattice thermal conduc-
tivity. It can be seen that increased B is beneficial for the improvement of Z7T'.

Hence,

e the reduction of k; is a suitable parameter for the enhancement of ZT.
Since the lattice thermal conductivity is proportional to T%Afg, with A
being the mean atomic weight and 7;, the melting temperature of the
material [18|, heavy compounds such as BisTes are preferable thermo-

electric materials.
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e anisotropic materials should be grown with preferential orientation with

high u.

e for dominant acoustic scattering (r = — 1/2), materials with low effective
masses m are desirable, since p = T=2m~3 and therefore B o« m~!
( [15], p.71).

The second approach is to modify the band structure for high-B material by

doping with charge carriers to obtain

e materials with high Seebeck coefficients. Under the assumption of a mate-
rial without lattice thermal conductivity (x; = 0) and that the theoretical
value for L is applicable, a minimum Seebeck coefficient of ~ 160 pV /K is

required to obtain ZT = 1.

e an optimum of the power factor. For semiconductors this is found for

charge carrier concentration of approx. 101?/cm? [1].

Since S,o, and k are temperature dependent quantities, high Z7T values can
only be realized for material-specific temperature ranges. An overview of the
temperature dependent performance of different thermoelectric materials can
be found e.g. in [1] or [15]. Bismuth telluride satisfies several of the extracted
criteria, e.g. low lattice thermal conductivity, anisotropic electrical properties,
high Seebeck coefficients and easily tunable composition by deviation from the
stoichiometric composition or by alloying with isostructural compounds, e.g.

sz Teg or Big Seg .

2.2. Bismuth Telluride

Bismuth telluride BisTes is the basis for most of today’s thermoelectric devices
operating close to room temperature. Despite the environmental aspects and
health concerns associated with the use of tellurium, the lack of alternative
materials and its high ZT still makes BisTes based compounds the optimal
candidates for prototype device structures in many areas of application, e.g.

energy harvesting from the heat of car exhaust systems [1].

A figure of merit as high as 0.72 in p-type (Bi;Sbi)Tes has already been
reported in 1958 by Wright et al. [19]. Recently published high ZT of 1.04
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in n-type BiQ(Teo,94Seo,06)3 [20] and 1.41 in p-type (Bio,g5Sb0_75)2T€3 [21] thin
films underline the potential of engineering well-known materials for further
improvement of their thermoelectrical properties, the importance of BisTes and

its ternary compounds with Sb and Se for thermoelectric technology.

Undoped bismuth telluride is a p-type semiconductor with a Seebeck coef-
ficient of 2301V /K. This compound has the big advantage of being tunable
from p- to n-type by doping with Cu, I, Te, or Se. For enhancement of the
p-type characteristics, the binary compound can be doped e.g. with Bi, Si, or
Sb, where in both cases the ternary system with the latter compound is the
technologically most important one [15]. A change from p- to n-type semicon-
ductor characteristics has also been found for increasing number densities of
Te-vacancies [22]. Depending on the concentration of the elements, bismuth
and tellurium form different compounds, which are mostly isostructural |[23].
According to the Bi-Te phase diagram, none of these composites is more Te-
rich than BisTes [24]. Any excess of Te is found to be either located at the
boundaries between grains of bismuth telluride or form precipitates in the sur-
rounding matrix. On the Bi-rich side of BisTes, several compounds have been
reported, e.g. BisTes, BigTer and several more compounds which can be de-
scribed by stacking sequences of Big and BisTes layers [23,24]. Thereof, BiTe
(tsumoite) and BiyTes (pilsenite) are naturally occurring minerals. The crystal-
lographic structure of BisTes can be described with a five-atom rhombohedral
unit cell with the point group R3m. Alternatively, bismuth telluride is most
commonly depicted as a hexagonal lattice, with the following lattice parameters
© a =4.3835 £ 0.0005 A and ¢ = 30.487 £ 0.001 A [25]. However, lattice
parameters are known to change as a function of the composition [26]. In the
hexagonal description (cf. Fig.2.3), one obtains a quintet of alternating bismuth
and tellurium layers, -Te()-Bi-Te®-Bi-Te(W)- where three of such quintets form
one supercell. The Te-Te(!) bonds are of van-der-Waals type, allowing for easy
cleavage of the crystals along these planes, whereas the other bonds are more
stable covalent bonds [27]. The reduced bond strength between two adjacent
Te layers is also believed to be the reason for the enhanced impurity diffusion
of copper as compared to the diffusion along the crystals c-axis [28]. At room

temperature, the difference in the diffusion coefficients amounts to several or-
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Figure 2.3.: Representation of the layered crystalline structure of bismuth telluride. The
view was chosen perpendicular to the c-axis of the crystal. The Te atoms are marked
dependent on their bonds by '2" (covalent) and '1" (van-der-Waals). BiyTes quintets

are separated by dashed lines.

ders of magnitude and is approx. 107%cm?s~! parallel to the basal plane of a
cleaved crystal. The highest melting temperature of the Bis;Tez_, compos-
ites is found to be 858 K for a non-stochiometric composition of 40.065 at% Bi
and 59.935at% Te [29], the mass density p is 7.8628-10% kg/m3. The electri-
cal conductivity of intrinsic BisTes is in the order of 1.4 -10* Q2 'm~! at room
temperature [30]. The thermal conductivity approaches 1.5 W/mK. For n-type
bulk material, an overall thermal conductivity of 2-3.3 W/mK with a lattice
contribution of 1.7W/mK was reported [29]. The band structure of the com-
pound is best described by a six-valley valence and conduction band |31, 32]
with an experimentally determined band gap around 150meV (160 meV [30],
145meV [33]). The Fermi energy of the narrow band gap semiconductor is ap-
proximately 60 meV [34]. For doped BiyTes the electrical conductivity is found
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to be dependent on the crystal orientation [29] and, in addition, on the charge
carrier type of the composite [31,35]. In n-type compounds, the conductivity
along the c-axis was determined to be of the order 4 to 5 times its value in the
cleavage planes, the corresponding ratio in p-type is reported to be about 3.
The thermal conductivity is shown to be reduced by a factor of 2-2.5 along the
c-direction [29,36].

While the Seebeck coefficient in the mixed and intrinsic charge carrier regime
depends on the temperature gradient direction, due to the hole and electron mo-
bility, it is isotropic in extrinsic BigTes [35]. Further investigations on thin films
have shown, that the Seebeck coefficient depends only weakly on temperature

in the region of 300 K [34].

2.3. Thermoelectric Properties of Low-Dimensional

Structures

Due to the proportionality of electrical and thermal conductivity and the cor-
relation between Seebeck coefficient and charge carrier density, the potential
of enhancement of ZT in bulk material appears limited [1]. When the lateral
dimension of a material or its constituting crystallites are decreased in size to in-
trinsic length scales, e.g. thermal wavelength of charge carriers Ap or the phonon
mean free path [, the observed physical properties will change as a function of
size. Thereby, the contributions to ZT', i.e. charge carrier density, mobilities,
relaxation rates and mean free paths, can be influenced by confinement and
size effects in low-dimensional structures. Examples for finite size effects in low
dimensional structures are, e.g., the enhanced electrical resistivity due to sur-
face scattering of charge carriers in cylindrical wires and scattering on grain
boundaries, both of which are well described by the models of Dingle [4] and
Mayadas-Shatzkes [5], and have been experimentally detected in measurements
on single Bi nanowires with diameters below 200nm by Cornelius et al. [37].
With respect to the appearance of quantum size effects, single Bi nanowires
have also shown to exhibit a diameter dependent shift in the infrared absorp-

tion [6], which can be explained by the theoretically predicted size dependent
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changes in the band structure of Bi [38]. For an estimate of the lateral dimen-
sion at which size effects come into consideration for BisTes, the effective masses
of electrons m; are used to approximate the de Broglie wavelength of the charge
carriers. According to [39], m; amounts to m, = 0.021m,, my = 0.081m, and

m, = 0.032m, for electrons, with m, being the electron mass. With

A 2y
b= <2kaT) ’ (2.11)

the estimated wavelengths range from 17.5 to 68.4nm. Similarly, the classical
phonon mean free path [ can be derived from the heat capacity ¢y, the velocity

of sound v and the lattice thermal conductivity by the relation

1
K = gcvvl, (2.12)

which yields a range in the order of 1 nm [2]. This already indicates that sizes
well below 50 nm would be favorable to observe the influence of classical size

effects on the resistivity of BisTes nanowires.

In analogy to the treatment of bulk and quantum-well structures [3], Hicks and
Dresselhaus derived an approximation of Z7T in quantum wires [2]|, which takes
the energy quantization in a wire with the square cross section of a? into account.
Compared with the expressions given in sec. 2.1, the transport properties are
altered due to changes in the band structure induced by confinement effects and

are given by

1 2kpT\2 1
o =n-eu, = 3 < 2 > m%F_% - elly (2.13)
3F k "+’ : holes
S = + 2 _ ¢ . MB (2.14)
F—% e "~ electrons

2 2kpT 2 1 5 9F}

T B -3 2 1/2

L= T my? k5T | SFs — 2.1
& 71&2 ( h2 > <2 g 2F_1/2> ( 5)
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It should be noted that the optimal reduced chemical potential ¢’ for the
quantum wire deviates from the bulk value and needs refinement by carrier
doping. As in the case for bulk material, B’ (equ.2.17) summarizes intrinsic
material properties. In the 1D approximation, beneficial influence of the size
restriction is visible in the material specific parameter and its dependency of a,

! 1

From the shown results of Hicks and Dresselhaus, it is evident that mainly
two different approaches are pursued for the enhancement of the thermoelectric

properties by low-dimensionality :

1. Quantization effects for alterations in the density of states of the charge
carriers, thereby changing the DOS near the Fermi edge, and thus enhanc-

ing the power factor S?n of a material.

2. Selective increase of phonon scattering, e.g. by superlattice structures or
surface scattering, reducing the lattice contribution to the thermal con-
ductivity and thereby increasing B’ without interfering with the electrical

transport properties of the thermoelectric material.

Quite a few simulations have been made of the influence of size restrictions
on the thermoelectric properties of different materials. Especially the above
mentioned work of Hicks et al. [2], the publications of Singh et al. [11] and
Bejenari et al. [12]| considered the implications of lower dimensionality on the
electrical properties of BisTeg. Hicks et al. stated that a potential increase to
ZT = 14 for quantum wires with an edge length of 0.5nm is possible. For
larger widths of the nanowires of 1nm Z7T = 6 was estimated. Even though
the sizes used for the calculation are improbable for experimental realisation
and verification by experimental techniques in the near future, a comparison

with an earlier work on the potential of quantum-well superlattice structures
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as compared to conventional bulk BiyTes [3| implied that further improvement
of ZT is possible by size reduction from 2D to 1D structures. In their respective
calculations on the enhanced figure of merit in BisTes nanowires with square
cross-section, Singh et al. [11] also included a size dependent reduction of the
charge carrier component of the thermal conductivity. For optimally doped wires
they propose ZT' = 1.75 and 1.2 for more experimentally feasible width of 10
and 20 nm, respectively. Similar values were evaluated by Bejenari et al. [12] for
p-type wires with cross-sections ranging from 30 x 30 to 7 x 7nm?. In addition,
they demonstrated the shift of the optimal temperature for ZTi .« to higher
temperatures with reduced wire diameters. With respect to the reduction of
the phonon contribution to the thermal conductivity, Balandin et al. |7] have
proposed phonon confinement effects for thin BigTes quantum-well structures,
which influence the phonon relaxation rates advantageously.

Since the first model calculation suggested an increase of Z'I" by low-dimensional
structures, significant effort has focused on the formation of these structures by
various techniques. In a few cases of specifically engineered films, this research
has already proven the possibility of enhanced Z7T', mainly due to the reduced
thermal conductivity rather than changes in the electronic band structure. The
highest values for the figure-of-merit near room temperature have been presented
by Venkatasubramanian et al. for n-type BisTes/BiyTeq g3Seq 17 superlattices
with ZT = 1.4 and p-type BisTes/SboTes superlattices with ZT = 2.4, grown
by molecular beam epitaxy [9]. Multilayered spark-plasma sintered BiyTes has
been shown to exhibit ZT as high as 1.35 [10].

So far, validation of the theoretically predicted ZT enhancement is mostly
found for thin films and superlattices. Only few works reported on measurement
of thermoelectric properties of 1D structures. The most promising results were
obtained for measurements in 50 nm diameter Si nanowires with rough surface
morphology [40], were phonon scattering is assumed to be responsible for the
reduction of the thermal conductivity by a factor of 100 with respect to the
bulk material. The evaluated ZT is 0.6 at room temperature, albeit it should
be noted that Seebeck coefficient and electrical conductivity were measured on
a different wire than the thermal conductivity. An even lower value for the

thermal conductivity (0.76 W/mK) has been found in 10 nm wide Si nanowires
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by Boukai et al. [41], and a peak value of ZT =~ 1 at 200K was evaluated for

20 nm wide wires.

With respect to measurements on BisTes wires, enhanced thermoelectric
properties are still to be presented. First indications are made on wires with still
considerably large diameters of 44-50nm, exhibiting slightly reduced thermal

conductivity as compared to bulk samples [13].

Boikov et al. [8] performed measurements on BisTes and the ternary
Big 55b1 5Tes compound and demonstrated that reduced lattice thermal conduc-
tivity is present in films with small grain sizes. Annealing of the samples led to
an increase of the crystallites in the film and thereby an increase of x;. Therefore,
they proposed that enhanced grain boundary scattering could also be beneficial
for the enhancement of ZT'. The lower limit for the thermal conductivity is pre-
dicted to be 0.31 W/mK for nanostructured multilayers (BigTes)m (TiTe2), [42].
In conclusion, simulations and first experiments indicate that small diameters
below 40 nm in combination with well-defined crystallinity and composition are
necessary prerequisites for the appearance of enhanced and size-tunable ZT in

low-dimensional structures.

2.4. Bismuth Telluride Nanowires

The effect of low-dimensionality on the thermoelectric properties of materials
is expected to be much more pronounced in 1D than in 2D systems. Since bis-
muth telluride is the most effective compound for room temperature application
and several theoretical works suggest that a significant improvement of Z7T is
possible for low-dimensional structures of this compound, different groups have
started to fabricate bismuth telluride nanowires. Different approaches with their
specific advantages and drawbacks have been applied. Solution and template-
free based methods, such as solvothermal [43,44] and microwave assisted wet
chemical processes [45], surfactant directed growth [46] or high temperature
organic solutions [46]. It should be mentioned that bismuth telluride wires are
also obtainable by the chemical transformation of Te-wires [47] or galvanic dis-

placement of Ni-nanowires [48]. While the template-free approaches are mostly
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suitable for the synthesis of large amount of the compounds, the reaction prod-
ucts are difficult to integrate into micro- and nanoscale model device structures.
Further disadvantages of these techniques can include sheath formation on the
nanowires [46,47,49|, short length of nanorods and large diameter distributions,
all of which are undesired for well-defined nanoscale structures. Additional lim-
itations are the use of complex and expensive organometallic precursors, toxic
agents (e.g. HoTe ) and high synthesis temperatures, contributing to high fab-

rication costs.

A different approach combining fast and low-cost structure fabrication, with
high tunability of important nanowire properties, is offered by the template-
based electrochemical synthesis. By chosing the appropriate template and vary-
ing deposition conditions, all important sample parameters, such as length, di-
ameter, crystallinity and composition can be varied with this approach. This
advantage is well-known from electrochemical deposition of thin films. Over
the last decades, several groups reported the electrochemical growth of bismuth
telluride nanowires [50-61]. The employed techniques include all different de-
position regimes : pulsed, dc, and galvanostatic. The most commonly employed
template material is anodised alumina (AlO2 - AAO), which offers high pore
densities (up to 10'°/cm?), thick membranes (> 100 pm) combined with low
channel diameters ( <20 to 200 nm) and high temperature stability [55].

AAO membranes need to be dissolved with acids or NaOH, in order to in-
vestigate the deposited nanowires. This can negatively influence the surface of
the deposited wires, resulting e.g in amorphous shells [55] around the wires.
In the context of embedded bismuth telluride based nanowires, AAO exhibits
the drawback of comparatively high thermal conductivity of 1.9 W/mK [62]
at 300K, hence acting as an effective thermal shunt in nanowire-membrane
composite systems. First experiments have tried to reduce this drawback by
replacing the alumina membrane by the epoxy resin SU-8 after electrochemical
deposition [63]. Further template-based approaches include the electrochemi-
cal step edge decoration (ESED) on HOPG [56,61,64|, where bismuth telluride
lines with diameters of down to 115 nm and lengths exceeding 100 pm have been

obtained at the same time.

Suffering from the drawbacks of commercially available polymer membranes,



18 2. Thermoelectricity

such as low membrane thickness and large angular distribution of the channels,
only few groups took the opportunity of directly using ion track-etched poly-
mer membranes with low thermal conductivity as templates for the synthesis of
thermoelectric nanowires. Koukharenko et al. |65 reported the electrodeposi-
tion of BigyxTes_y in 20 pm thick polyimide (Kapton HN). Furthermore, Xiao
et al. [66] demonstrated the growth of ternary (Bij_xSby)2Tes in polycarbonate
membranes purchased from Whatman Inc. With respect to the influence of the
electrochemical deposition parameters for nanowire synthesis, only few investi-
gations have been performed. In [50], the influence of varying concentrations of
the cationic species in the electrolyte was explored, while in [55], the diameter
of the channels in the templates has been briefly addressed as a parameter in-
fluencing the electrochemical growth process. With respect to the crystallinity
of the nanowires, either polycrystalline or highly (015) and (110) textured ar-
rays have been observed for the various deposition conditions. Furthermore,
it has been demonstrated that reduced deposition temperature of 1-2° C can
increase the crystallinity of bismuth telluride nanowires, when grown by pulsed

deposition [59].

Small diameters are not the only aspect for improvement of the thermoelectric
performance, another keypoint of a good thermoelectric material must also be
taken care of, the homogeneity of the deposited material. This particular detail
also needs to be investigated for electrodeposition in reduced dimensions, were
diffusion might differ from the experimental experience obtained from thin-film
growth. Exemplary research on this topic was done by Wang et al. [50] on
bismuth telluride nanowires deposited in 60 pm thick alumina template. The
influence of the applied potential and the speed of a rotating disc electrode
on the nanowire crystallinity and the Bi- and Te-concentrations over the wire
length has been presented for BigTes wires with a diameter of 200 nm. Under
static conditions and deposition at -140mV vs. SCE, the concentration of Bi

was found to vary up to 0.275% per um length.

A non-exhaustive overview over different reported electrodeposited Bis{Tez_y
nanowires and the corresponding templates is given in Table 2.1. Even though
numerous works showed the formation of bismuth telluride based submicron

wires, only few groups obtained nanowires with diameters below 40 nm, which
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Deposition Method Wire Diameter Template Ref.
[nm]

de 25, 50, 75 AAO [55]

dc 25 - 260 PC this work
de 35 AAO [59]
pulsed, de, galvanostatic 40 AAO [58]
de 40 AAO 160]
pulsed, dc 40, 60 AAO [52]
de 45 AAO I51]
galvanostatic 50 AAO [54]
de 50 AAO [57]
dc - galvanostatic 80 Polyimide (Kapton) [65]
cyclic deposition 115— 322 HOPG [56]
de 200 AAO I50]
galvanostatic 28 AAO [53]

Table 2.1.: Overview on electrodeposited nanowire arrays with given deposition technique,

obtained nanowire diameters and used template for synthesis.

appears to be required for substantial enhancement of the thermoelectric prop-

erties [2,11,13,67|.

In this work, systematical investigations on the electrochemically grown BisTes
nanowires in ion track-etched membranes are presented. By employing swift
heavy ion irradiation for the template fabrication, it is possible to tune nanochan-
nel diameters and number densities as well as the membrane thicknesses over
a wide range. Due to the versatility of the combination of electrochemistry
and polymer templates with highly oriented nanochannels, it was possible to
fabricate cylindrical nanowires with minimum diameter of 25 nm and length of
30um. The influence of deposition temperature and channel diameter on the
wire morphology and the preferential orientation of the nanowires is presented,

indicating that the process conditions known from film and bulk growth need to

be modified for BiyTes nanowire growth. In addition, nanowires with diameters
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of approx. 140 nm were also succesfully grown in 60 and 100 pm thick polycar-
bonate membranes. This is of special interest, because it offers the comparison
of recent results obtained via electrodeposition in AAO with the growth in ion
track-etched membranes, giving an insight in the influence of membrane thick-
nesses and pore densities and hence detailing the information on the parameter

space for the fabrication of well-defined thermoelectric nanowires.
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In order to synthesize nanowire arrays with high aspect ratios, well-defined ge-
ometry and physical properties, a combination of electrochemical deposition
with a template based approach was employed in this work. As known from
thin films, electrochemistry offers high tunability of the nanowire properties,
such as crystallinity, composition and morphology, whereas the ion-track etched
polymer membranes provide high variability with respect to nanowire diame-
ters, length, shape and number density. For the fabrication of the templates,
polycarbonate films are irradiated with swift heavy ions. Along the ion trajecto-
ries, their energy loss leads to damage trails with altered chemical behaviour. In
polycarbonate, these so-called latent tracks are very well defined and cylindrical
in shape. In a suitable etching solution, the tracks offer significantly higher
sensitivity to etching than the unperturbated polymer, resulting in a membrane
with tunable nanochannel size and shape. Thereafter, these channels are elec-
trochemically filled with bismuth telluride, resulting in submicron- or nanowire

arrays with predefined properties.

3.1. lon Track-Etched Membranes

3.1.1. lon-Solid Interaction

In this work, amorphous polycarbonate (Makrofol N, Bayer) was chosen as
a suitable membrane material for the electrodeposition of bismuth telluride
nanowires. Polymer films with thicknesses of 10, 30, 60 and 100 pm were irradi-
ated by heavy ions such as 197 Au, 2°°Pb, and 233U. The ions are highly positively
charged and accelerated up to energies of 11.4 MeV per nucleon (MeV /u) in the
UNILAC linear accelerator of GSI, with ranges exceeding 150 pm in polymers.

21
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The ion fluence determines the degradation of the material and the density of
nanochannels in the membrane. For the given purpose the fluence is varied from

107 to 5-10? ion per cm?.

When the ions pass through a solid, they interact with the atoms and the elec-
tronic system of the target. This leads to an energy loss of the projectiles along
their trajectories and hence to energy dissipation within the solid. Depending
on the various parameters of the ion-solid system, e.g. type of ion/solid and ion

energy, different kinds of interaction phenomena occur within the target :
e Bremsstrahlung
e Cherenkov radiation
e Electronic energy loss
e Nuclear energy loss

In the case of heavy ions at specific energies of several MeV /u, bremsstrah-
lung is not observed. Cherenkov radiation does not occur since the ion velocity
is about 5 % of the velocity of light. Assuming a refractive index of ~ 1.6 for
polycarbonate, the ion velocity should be in the order of 60% of the speed of light
for Cherenkov radiation to be present [68]. The most dominant contribution
is the Coulomb interaction between ions and target material. The interaction
cross-section is a function of the ion velocity. Elastic collisions between the
projectile and the target atoms dominate for low ion energies (< 0.01 MeV /u).
This correlation is described by the nuclear energy loss (dE/dz ). For higher
energies, electronic excitation and ionization processes gain in importance and
dominate the ion-solid interaction. The energy loss in this velocity regime is
called electronic energy loss (dE/dx),. A quantitative description per unit

distance of the ions is possible via the Bethe-Bloch formula

dE dr-e* - Z% - Zy- N | 2me - % - 3
- = n
dz ) Me - V2 1

)—62—5—U (3.1)

with e being the elementary charge, m. the electron mass, v the ion velocity,
N the density of the target atoms, I the ionization energy of the target atoms,

Zeg the equilibrium effective charge of the projectile, Z; the atom number of
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the target element and 3 the velocity in units of the speed of light. When the
contribution of electrons in inner atomic shells, as well as relativistic effects are
negligible, the according correction factors U and § can be discarded and the

dependencies of the energy loss can be written as

dE  Z% E

When the charged particles penetrate the target, the ions may either capture
or lose electrons, depending on their velocity compared with the orbital velocity
of the electrons. Thus depending on this velocity, the ions possess an effective

charge state [69], which can be described by

13083
Zut = [1 e /} | (3.3)

For high-velocity projectiles, the effective charge is approximatly equal to the
atomic number of the element, while at lower energies, the net positive charge
of the incident ions is reduced. From the correlation of energy loss and ef-
fective charge state, it can be deduced that more energy can be deposited in
the irradiated solid by employing high-energetic heavy ions. Depending on ion
energy and charge state, the energy loss yields structural and compositional
variations in the irradiated solid. For polymer membranes, e.g. polycarbon-
ate (PC), polyethylenterephthalate (PET), and polyimide (PI), this includes
electronic excitation and destruction of chemical bonds [70, 71] or outgassing
of volatile molecules [72]. Due to the structural properties of polycarbonate,
the energy loss is radially isotropic around the ion trajectory. Therefore, the
energy loss leads to cylindrical zones of highly damaged material with altered
physical and often also chemical behaviour, the so-called latent track. With
respect to the size of the latent tracks, investigations on the etching properties
in 8-pm thick polycarbonate ( Makrofol KG) [73] have shown the presence of a
track core with a diameter of &~ 10nm and corresponding track halo, which can
possess a diameter in the range from 20 to 200 nm. Similar sizes have also been

found for ion irradiated PET [74].
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Figure 3.1.: Calculated values for projected ion range (left) and energy-specific energy loss

(right) for Au ions in polycarbonate [75]. Maximum thickness of irradiated membranes

is 100 pm.

The projected range of the ions R, is determined by the kinetic energy of the

particles Ey and the specific energy loss within the solid :

Eo rqp\ ! , dE dE dE
Rp == /0 (dﬂj) dE Wlth <d$> == <d{,€>n + <Cll‘>e’ (34)

where both, nuclear (%)n and electronic energy loss (‘fi—f)e are taken into ac-
count. If the ions are accelerated to energies of 11.4 MeV /u! at the UNILAC,
their projected ion range in PC is approximately 175 pm [75]. Furthermore, the
electronic and nuclear energy loss have been evaluated by means of the SRIM
code. The results are shown in Fig. 3.1. It can be seen that after penetration of
a 100 pm thick PC, the electronic energy loss is still orders of magnitudes larger
than the contribution from elastic collisions within the polymer and can be con-
sidered almost constant over the membrane thickness. For the application of
polymer membranes as templates for nanowire synthesis, homogeneous energy
loss along the ion trajectory is preferable, since the enhanced etching along the
latent track is the key to the membrane formation. Measurements on PI (Kap-
ton) have shown that track etching yields uniform channel size for energy losses

of about 5keV/nm, wide pore size distribution for 4.5 to 1.8keV /nm, and for

values below 1.8 keV /nm no etching was observed [76|. From the employed ion

Lcorresponds to approx. 2.25 GeV for Au ions
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energies and the correlation between ion velocity and energy loss, it can be seen
that the homogeneity requirement is met for irradiation of stacks of polycarbon-
ate foils with total thicknesses below 100 pm. This is well above the thicknesses
of commercially available polymer membranes. In addition, the employed ex-
perimental set-up provides highly aligned channels, angular deviations of less
than 1° have been reported indirectly, via XRD on single-crystalline embedded
copper nanowires [77]. Mass-produced polymer membranes, which are usually
fabricated for filtration purposes, can exhibit angular distributions of up to 30 °.
Prior to etching, a suitable treatment of our foils by UV light inhibits the strong
cigar-like shape of the nanochannels, which is often observable in polycarbonate

filters [78,79].

3.1.2. Chemical Etching

In this work, polycarbonate was chosen as a suitable membrane for the elec-
trodeposition of bismuth telluride nanowires. The employed polymer films were
amorphous Makrofol N from Bayer with thicknesses of 30, 60 and 100 pm. In
order to create nanochannels, the latent-track material is preferentially removed
by an etching solution. The process can be described by the competition of the
etch rate occurring along the latent track and isotropically in the non-irradiated
bulk material, as displayed schematically in Fig. 3.2(a). The corresponding etch
velocities are called track- and bulk-etching velocities (vt and vg). The result-
ing pore shape evidently depends on their ratio. For track etching rates being
much larger than bulk etching rates, the resulting pores can be considered as
almost cylindrical, whereas the conical character becomes the more dominant
the larger the velocity ratio is. The opening angle of an etched pore can be

described by

a = arctan <UB> (3.5)

vt
The deliberate variation of the etching velocity ratio by alteration of the
pre-etching treatment, modified etchants, e.g. addition of methanol [80], and

etching from one or two sides, can lead to different pore shapes as depicted in

Fig.3.2(b)-(e).
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a) b) d)

Figure 3.2.: (a) Schematic of the bulk and track etching velocities for etchant interaction
with a polymer membrane. Possible geometries of nanochannels in polymer membranes:

(b) cylindrical (d) conical (c) bi-conical (e) funnel-shaped nanochannels

The etching ratio is not only dependent on the polymer, but also on the ion
species used for irradiation, the etching conditions, e.g. temperature, and a
function of the foil thickness [81|. For the etching of tracks in polycarbonate
aqueous sodium hydroxide solution (NaOH) is used. Prior to the etching pro-
cess, the PC foils are exposed to UV light in air at room temperature for 60 min
per side. This process is known to reduce the size distribution of the pores
and to decrease the etching time needed for pore breakthrough [82,83]. Via
measurements by small angle X-ray scattering, the bulk etching rate in 30-pm
Makrofol N films was determined to 21 nm min~! in 5M NaOH at 333 K [83] and
ranged between 25 and 30 nm min~—! for 6M NaOH at 323 K [84,85], determined
by measurements with SEM. It is known from prior works that aspect ratios
as high as 1000 can be obtained under suitable etching conditions [86]. The
multi-track foils, employed in this work, are etched in a thermostated beaker at

50 ° C with stirred solution of 6M NaOH.

Polycarbonate membranes with cylindrical channels with diameters below
30nm have been prepared and employed as templates for the electrochemical
synthesis of nanowires. Scanning electron micrographs of pore openings on
polycarbonate membranes are shown in Fig. 3.3. Furthermore, ion track-etching
in membranes with thicknesses of 60 and 100 pm were used for the fabrication

of long nanowires with lengths exceeding 60 pm.
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SE GB-H SEI 05k X37,000 WD3.0mm 100nm

Figure 3.3.: SEM images of the pores in polycarbonate membrane without (left) and with
(right) gold sputtered surface. The circular shape of the pore openings is cleary visible

in both cases.

3.2. Electrochemical Synthesis

In electrochemical deposition, a solution of ions in a solvent is exposed to a
gradient of the electric potential between at least two electrodes, or an electric
current is forced between them [87|. For electrochemical growth of nanowires,
the employed electrolyte is chosen such that reduction leads to the formation of
a solid deposit on the cathode, or so-called working electrode. The reaction at

the interface of the electrode and the electrolyte is described by
M*F + z.e” = M(s) (3.6)

where M is an arbitrary ion with the charge state z+ and z - e specifies the
amount of electrons needed for reduction to M (s). An applied potential influ-
ences the reduction at the working electrode [88-90], hence alters the concen-
tration gradient of the ions % in the vicinity of the cathode and thereby tunes

the mass flow Jion, according to Fick’s first law,

dc
ion — _D R 9 3.7
Jio dx (3.7)

with D being the diffusion coefficient of the investigated ion species. Our electro-

chemical system resembles a recessed nanoelectrode array, which leads to specific

implications to the mass transport as compared to thin film growth [91,92|. For
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example, for high aspect ratio of the nanochannels, convection is omitted as a

contribution to ion movement in the vicinity of the cathode.

As for the externally applied force which drives the electrochemical deposition,
different current and potential conditions can be employed [87]: In galvanos-
tatic mode, the current flow between working electrode and counter electrode is
kept constant. In template based nanowire synthesis, a variation of the amount
of contributing channels in the deposition process will give rise to altered cur-
rent densities within the pores, and could thereby result in different chemical
reactions, e.g. hydrogen evolution. For pulsed electrodeposition, the potential is
periodically altered, starting with a potential at which material is deposited dur-
ing a specific time span. Subsequently, the applied potential is changed to either
partially dissolve the deposit, or to allow replenishing of the ion concentrations
at potentials where the electrochemical system is at equilibrium and no reaction
takes place. For composite systems such as BisTes, this approach includes the
preferential dissolution of one of the two elements of the compound [93,94]. An
alternative technique is the potentiostatic mode or dc-electrodeposition, where
a constant potential is applied between the working electrode and a reference
electrode in a 3-electrode setup or a counter electrode for a 2-electrode geom-
etry. Under these conditions, the potential determines the chemical reaction,
and the impact of deposition temperature and electrolyte concentration on the
ion diffusion will be visible in the I-t curves, via increased or lowered currents

and therefore the variation in growth rates of the deposits.

3.2.1. Deposition of Bismuth Telluride

A first description of the electrochemical deposition of BisTes films was given
by Magri et al. [95] and Takahashi et al. [96]. With small variations in ion con-
centrations and pH values, their basic electrolytes are still the most widely used
for thin film and nanowire synthesis. They employed nitric acid based aqueous
solutions for the electrodeposition of films, demonstrating the influence of varia-
tions in the electrolyte composition under potentiostatic electrodeposition on Ti
sheets [96] and the impact of changes in the current density on deposits on stain-

less steel for galvanostatic deposition [95], respectively. By cyclic voltammetry
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(CV), Magri et al. further showed the differences between the electrodeposition
from electrolytes, containing only one ionic species, i.e. either Bi or Te, and
mixtures of these electrolytes. Thereby, they demonstrated that the required
potentials for the compound deposition are less negative than for the reduction
of the ions in single-element films. This approach has been picked up by sev-
eral other groups [93,94,97| for detailed investigation of the chemical processes,
associated with electrochemical deposition of bismuth telluride and its solid
solutions with Bi and Te from nitric acid based electrolytes. For the electrode-
position in this work, the electrolytes were prepared by dissolution of Te powder
or TeOg in concentrated nitric acid, subsequently mixed with Bi (NOgz), - 5H2O
and further diluted with deionized Millipore water. The concentration of ni-
tric acid was in the range of 1 to 1.5 M dependent on the desired concentration
of Te in the solution. The concentration of bismuth and tellurium ranged from
2mM Bi (NO3), - 5H20 and 3mM TeOs to 20 mM Bi (NO3), - 5H20 and 32 mM
TeOs. Concentrations found in literature are of similar amount, due to the low
pH value needed to retain Te in solution and avoid precipitate formation. In
general, the overall deposition of BisTes is described via the following chemical

reaction,

9Bi%* + 3HTeOF + 9H' + 18¢~ — BiyTes(s) + 6H0. (3-8)

A more in-depth analysis of the potential deposition processes by CV-measure-
ments clearly indicated the diffusion and concentration of Bi** as a limiting
factor in the formation of bismuth telluride [50,93]. The proposed deposition
process for small negative and positive potentials with respect to the reference

potential of a saturated calomel electrode (SCE) is :
HTeOJ + 3HT + 4e~ — Te(s) + 2H20 (3.9)
and

3Te + 2Bi*" + 6e~ — BigTes. (3.10)

At more negative potentials, an additional reduction wave occurs in the CVs
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at approx. -500mV vs. Ag/AgCl?. This feature of the CV is interpreted as
an intermediate step, where the direct reduction to solid Te is replaced by a

two-step process with the formation of hydrogen telluride
HTeO + 5HT + 6e~ — HoTe(aq) + 2H20 (3.11)
and a subsequent reaction with the telluryl ion to form solid Te according to

HsTe + HTeOF + HT + 2¢~ — 2Te(s) + 2H-0. (3.12)

By varying applied potential in potentiostatic, or current density in galvano-
static electrodeposition, it is possible to modify the reduction rates of the ions
and hence alter the composition of the deposit. This has been demonstrated for
the growth of thin films [26,97-101] and for embedded wires with submicron
diameters [50]. According to literature, increasingly negative potentials lead to
the formation of Bi-rich BiyTes [26,98,99,102,103]. The potential threshold for
the transition between Bi-excess and deficiency is dependent on the applied con-
ditions, e.g. ion concentration, temperature and potential, and hence varies for
different employed settings [26,50,99,101,102|. Including additives, e.g. ethy-
lene glycol, in the electrolytes has shown to influence the morphology, adhesion,
and thickness of deposited films [99]. Variation of the pH-value by adding lig-
uid ammonia has revealed that increased pH can slightly lower the grain size of

BisTes from ~ 150 nm for pH =1 to almost 80 nm at pH = 3.5 [104].

3.2.2. Nanowire Growth

Even though the processes for the deposition on recessed nanoelectrodes is dif-
ferent from the deposition of thin films, due to influences of size restrictions
[50,91,92,105], i.e. changes in the diffusion coefficients and concentration gradi-
ents towards the cathodes, the concentrations of the different electrolytes were
chosen similar to values presented in literature. The concentrations ranged from

2.5mMol Bi and 4 mMol Te to 20mM Bi and 32mM Te.

In Fig. 3.4, the current-time curve for the electrodeposition of nanowires in-

side a nanochannel template is shown for the employed cell configuration. The

2The exact position of the reduction peak depends on the electrochemical system.
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Figure 3.4.: Chronoamperometric curve for the DC-electrodeposition of nanowires in ion
track-etched polymer membrane, with schematics for the different stages of the deposi-

tion process (1)-(4).

four different stages of growth are schematically depicted above. (1) In the
beginning of the deposition process, a rather steep decrease of the measured
current is observed. It arises due to the reduction of ions in the vicinity of the
cathode, leading to the formation of nuclei, which act as seeds for the nanowires.
Simultaneously to the diffusion of ions towards the cathode and their reduction,
a depletion layer grows into the bulk solution. (2) During the growth within
the nanochannels, a steady-state current is measured. (3) In the third stage,
nanowires reach the pore openings, allowing for an increased supply of charged
particles to the cathode. Due to a larger surface than the channel opening,
caps quickly increase in size. The preferred reduction of the ions takes place

at the caps rather than at recessed nanowire tips, until the caps finally cover
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up non-completely filled channels. (4) In the stage dominated by cap growth,
the current increases linearly with time until the diffusion zones for different
caps overlap, the caps finally coalesce and form a continuous layer. Now the
current curve saturates, depicting a steady-state linear diffusion, and the cath-
ode finally behaves again as in the case of film deposition. Dependent on the
intended application or experiment, the subsequent removal of the templates
may be indispensable after the process of synthesis. The advantage of polymer
membranes lies in their solubility by organic solvents, which are often chem-
ically less aggressive towards the wires than strong acids or bases. Examples
for a free-standing submicron-wire array and a hemispherical cap grown on top
of a wire are shown in Fig.3.5. In both cases, the samples were prepared by

electrochemical deposition with electrolytes employed in this work.

SE| 5.0kV X950 WD 5.8mm

Figure 3.5.: (left) Freestanding BisTes_, submicron wires prepared by electrochemical

deposition in PC templates and (right) submicron wire with attached cap.



4. Electrodeposition of BiyTe;

Nanowires

While the electrodeposition of Bis;Tez_y thin films is comparatively well-
known [26,95,96,98-100,104] and few works have already dealt with the depo-
sition in alumina templates [50-61], no systematic work has been performed on
ion track-etched membranes. Prior to the description of the structural and com-
positional analysis of the nanowires, the membrane fabrication, as well as the
influence of the various growth parameters on the synthesis is demonstrated.
At first, the correlation of the etching time with the pore diameters will be
demonstrated for the well-characterized 30-pm templates and the thicker mem-
branes, which are of special interest for nanowire-based thermoelectric piles for
sensorics. Then the employed electrochemical setup and the chosen experimen-
tal conditions are briefly described, followed by the presentation of the influence
of various electrodeposition parameters, e.g. ion concentration, deposition po-
tential, and temperature, on the growth rates of nanowire arrays. Furthermore,
the beneficial impact of prolonged growth process by temperature reduction is

discussed in terms of the filled nanochannel volume.

4.1. Fabrication and Characterization of Templates

With respect to the diverse motivation for the growth of BisyTes_y, i.e. ap-
plication in sensorics and model systems for low-dimensional thermoelectricity,
ion track-etched membranes fabricated at GSI are suitable to offer both, sub-
micron diameter wires with length close to 100 pm, as well as high aspect ratio
nanowires with diameter of approx. 30nm at length of 30 pm. All irradiations

were performed with 11.4 MeV /u Au ions to eliminate the influence of the ion

33
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species-dependent energy loss. For the given ion energy, it is approximated that
the energy loss is sufficiently large to leave homogeneous damage trails along
the ion trajectory and that this assumption is also valid for membranes with
thicknesses of 60 and 100 pm (see Fig.3.1). For irradiation, membranes were

stacked to not exceed maximum thicknesses of 100 pm. Etching was performed
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Figure 4.1.: Pore opening diameter dependence on etching time and membrane thickness

for etching of 30, 60 and 100 pm thick Makrofol N foils in 6 M NaOH at 50°C.

in a thermostated bath of 6 M NaOH at 50°C. The pore openings of the tem-
plates were determined by SEM measurements with a JEOL JSM-7401F. In case
of charge build-up on the sample surfaces, the polymer was coated with a thin
sputtered layer of Au, which has shown to only minimally alter the diameter of

the pore mouth.

Fig. 4.1 shows the correlation between etching times and the diameter of the
nanochannel opening for the various membranes. For 30-pm membranes, this
correlation is well-known [84-86]. Depending on small variations of the etch-
ing temperature, the channel diameter being widened with approx. 30nm per

minute etching time. For the measurements on embedded nanowires in 60 pm,
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only one set of membranes was used, which was etched specifically for 7 min.
Therefore, no additional samples are included in the graph. Even though all
membranes are amorphous polycarbonate from one supplier, the etching curves
exhibit one distinctive difference. Counter to the expectation, etching over spe-
cific times did not result in similar, but significantly smaller pore openings in
thicker membranes. This can not be solely explained by variation of tempera-
ture or an aging effect of the employed solution, even though these parameters
are known to change the etching properties. In this case, it is likely that mass
transport of the etchant and the etched material are different than in the case
of 30-um membranes. Thickness dependent variations of track to bulk etch

velocity have also been observed in polycrystalline polycarbonate foils [81].

For etching times shorter than 6 minutes, so far no successful deposition was
possible for thick templates, therefore, no results are shown for these conditions.
For slightly longer etching times of 6.5 minutes, nanowire coverage indicated
that a large amount of pores were not yet completely etched though.These ob-
servations suggest that the obtainable aspect ratio for cylindrical wires is not
as high as in the 30-pm membranes for the used etching conditions. For an
identical aspect ratio, cylindrical wires with diameters of 100 nm should be ob-
tainable in thicker membranes. This was not observed, homogeneous nanowire
growth was only apparent after etching the membranes for at least 7 minutes.
By homogeneously filling the channels by electrodeposition, a replica of the
channel is formed. Thereby the indication of deviation from cylindrical shape
of the nanochannels was further supported by measurements on fragments of
nanowires, which were grown in samples etched for 7min and exhibited notice-
able conical shape for diameters >100 nm. Slightly differing pore sizes on both
sides of the membranes and a slightly biconical shape of the wires for short
etching times show the limitations of use of thick membranes as templates for

very thin wires.

Nonetheless, it is possible to grow long nanowires with considerably small
variations in the nanowire diameters as exemplarily shown in Fig.4.2. The
displayed sample was grown in a 100 pm thick PC membrane, which was etched
for 7min in 6 M NaOH. The length of the marked wire fragment is ~ 50 pm and

larger fragments are rarely observed. For a fragment of this length, which is half
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100nm

GSI: 0P SEI 25kV  X43,000 WD 3.5mm 100; SEM SEI 25KV X45000 WD 3.5mm 100;

10um

SE SEM LEI 5.0kV X2,000 WD58mm 10um

Figure 4.2.: SEM image of a 50 pm long Bis;Tes_y wire fragment on a Si wafer. The
wires with an approximated diameter of 140 nm were grown at - 100 mV vs. SCE at RT.

An enlarged view on the two tips is shown on top of the overview.

the membrane thickness, a diameter reduction from =~ 130 nm to ~ 100 nm was
measured. Since wires under the described growth conditions break easily, it
is not possible to determine from which segment within the nanochannels the
wire fragments originate. Hence, acquisition of larger statistics on the diameter
variation along the wires and determination of the average nanowire diameter

is not practicable under the present conditions!.

In comparison, for nanowires in 30-pm polycarbonate membranes, aspect ra-
tios of 1000 have been determined, i.e. wires with a diameter of 30 nm are still
cylindrical. With respect to the lowest obtainable diameter, the lower etching

threshold for 30 pm thick membranes is 55 s, which resulted in an average diam-

!Deposition of a less brittle material could be a solution to this problem.



4.1. Fabrication and Characterization of Templates 37

Sb:80 SEM  SEI 5.0kV  X190,000 WD 3.6mm  100nm
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Figure 4.3.: SEM images of Bis«Tes_, nanowires with the smallest fabricated diameters.
The wires were grown in 10-pum thick ion track-etched polycarbonate membranes. In
images (a) and (b), the diameter is found to be <30 nm. The sample shown in (c) and

(d) also exhibited wires with diameters <20 nm.

eter of 24.3nm. An increase of the etching time by 15s has shown to produce
pores with diameters of approx. 30 nm, thereby demonstrating the extent of the

time window for the fabrication of thin nanowires.

In Fig.4.3, an additional example for the wide range of possible variation of
the nanochannel size is demonstrated, i.e. the present lower limit for the di-
ameters of electrochemically grown BisTes nanowires in ion track-etched poly-
carbonate membranes. By employing 10 pm thick membranes, it was possible
to further reduce the smallest diameters below 20nm. Due to the presence of
polymer residue on the wires, it can be assumed that the actual wire diame-
ters are even smaller by a few nm. However, due to practical considerations,

e.g. membrane stability and nanochannel alignment, most investigations were
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performed on 30 pm thick membranes. These parameters are especially impor-
tant for the measurement of embedded nanowires by X-ray Diffraction Analysis

(XRD), were the necessity of a fixed geometry is evident.

4.2. Experimental Set-Up for Electrochemical

Deposition

The electrochemical deposition of bismuth telluride is performed in potentio-
static mode, and the time transient of the deposition current is monitored. To
guarantee the stability of the system, a commercial potentiostat (EG&G Prince-
ton Applied Research Potentiostat Model 263) is employed in combination with
a 3-electrode setup including a saturated calomel electrode (SCE)? (cf. Fig.4.4).
Both, the counter electrode and the mechanical support of the working electrode
are Pt-disks with diameters of approximately 15mm, where the active area of
the working electrode is specified to 0.95 cm?. The electrodes and the sample are
mounted in a thermostated glass cell from Radiometer Analytical with a volume
of 500 ml. During the electrodeposition, the temperature of the solution is kept
constant by water cooling/heating with a Huber ministat, to reduce the influ-
ence of temperature fluctuations on the fabrication process. In this 3-electrode
setup, the potential between working electrode and a well-defined reference elec-
trode is continuously monitored and kept constant at a predefined value. If not
mentioned explicitly, all deposition potentials in this work are given with respect
to the SCE reference potential. For optimal conditions, e.g. to minimize ohmic
drops, the tip of the reference electrode is positioned as close as possible to the

sample, without interfering with the mass transfer in the electrolyte.

Prior to the electrodeposition of the compound, gold was sputtered on the
ion-track etched membranes for 3.5 minutes in an argon atmosphere with an
Edwards S150B sputter coater. From SEM measurements, it can be seen that
the thickness of the contact layer is in the order of 40-50nm (see Fig.4.5). It
can also be concluded from these images, that the sputtering process leads to Au

ring electrode formation in the vicinity of the pore mouth. For pore diameters

2Electrode potential : 248 mV vs. normal hydrogen electrode (NHE) at 20°C
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Figure 4.4.: Experimental set-up for the electrochemical deposition (left) and schematic of
an electrode set-up (right). The potentiostat keeps the potential between the reference
electrode (RE) and the working electrode (WE) constant, while the current between the
counter electrode (CE) and WE is monitored. A polymer ring made of PTFE is used to

keep the sample fixed and avoid leakage currents.

in the order of 20 nm and larger, the backlayer is not closing the nanopores, but

offers a thin, uniform, and nanocrystalline cathode for the electrodeposition.

In previous experiments, this thin Au coating was often stabilized with addi-
tional metal layers. This approach has also been tested in the framework of the
shown measurements. However, due to the interactions with the electrolyte, a
reinforcement of the cathode by electrochemical deposition of Cu has led to the
presence of copper impurities in the order of several at% in the deposits. Em-
ploying thin-film growth of Au for the stabilization of the template has also not
exhibited successful results, because of problems with the homogeneity of the de-
position process. The reason for this effect possibly arose from fast growth rates
and the formation of cavities between the sputtered and the electrodeposited

layer.

One additional experimental setup has been employed to circumvent the de-
position on the bare sputter-coated layer. Prior to the etching of the channels,
the cathode was prepared and electrochemically reinforced by an additional gold

layer in a 2-electrode setup [84-86]. In this case, the deposited layer as well as
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the sputtered cathode have a closed surface. Subsequently, the channels were
etched from the side opposite to the cathode in the experimental same set-up.
Even though it was possible to obtain cylindrical wires in several cases, as shown
in sec. 5.1, the ratio of channel diameter and etching time was not sufficiently

reproducible for further measurements.

Deposition on the sputtered cathode has led to the best results with respect
to the homogeneity of the growth process and the absence of impurities, and

was therefore preferred for the nanowire synthesis.

Because single-crystalline growth is enhanced for electrodeposition at elevated
temperature for dc-electrodeposition, samples were also prepared at elevated
temperatures of 42 and 48°C. With the presence of 1 M HNOj in the electrolyte,
most of the deposited nanowires have already been dissolved again, before it was
possible to take the templates out of the electrochemical cell. During deposi-
tion, the samples grew black or grey as normal, but when it was possible to
remove them, the samples appeared solely golden, indicating the dissolution of
nanowires. Furthermore, the sputtered cathode was not mechanically stable and
was easily removable by sprays of distilled water in several samples.Therefore,

deposition temperatures were chosen in the range from 4 to 35°C.

100nm

10KV X55000 WD55mm  100nm

Figure 4.5.: (left) SEM view of a sputtered Au layer. The granular structure of the thin
film is clearly visible. (right) Cross-section SEM micrograph of an ion track-etched
PC membrane with the sputtered Au contact layer which serves as the cathode in the
electrochemical deposition. The gold layer is discontinuous in both cases, caused by

stress induced fracture as a result of the preparation procedure for SEM imaging.
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4.3. Control of Growth Rates

The process for deposition on recessed nanoelectrodes differs from that for de-
position of thin films due to the reduced nanoelectrode surface and the high
aspect ratio of the channel [50,91,92,105|. Changes in the diffusion coefficients
and concentration gradients towards the cathodes [106] have been published
for the electrodoposition of Co nanowire arrays. In addition, it should also be
noted that the active area is strongly reduced as compared to film deposition or
deposition in AAQ. For the employed ion track-etched templates usually around
2% of the surface is covered by pores, in AAO it can be in the order of 70 to
80%.
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Figure 4.6.: Growth rates in 30-pm thick PC templates with nanochannel diameters lower
than 40nm as a function of the applied potential. The electrolyte concentration was

5mM Bi and 7.5mM Te, and all depositions were carried out at room temperature.

The growth rate is calculated as the ratio between the pore length and the

time measured for the transition between region (2) and (3) of the nanowire
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growth (see Fig.3.4). This is determined from the onset of the cap growth in
the I —t curve, which is visible by an increase of the measured reduction current.
Fig. 4.6 shows exemplary deposition curves for nanowires with diameters lower
than 40nm. For determination of the maximum growth velocity, the onset of
cap growth is assumed to be half the time difference between the deviation of
the measured current from the extrapolated steady state current and the onset
where the current increases linearly as a function of time during dominant cap
growth. This is schematically depicted by the marked points in the deposition
curves. In Fig. 4.6, it can be clearly seen that more negative deposition potentials
reduce the duration of the fabrication process. The accuracy for the onset time
for cap growth is estimated from repeated experiments with identical growth
parameters. From multiple investigation, measurements can be assumed to
be reproducible with relative deviations less than 10%. The influence of the
electrolyte concentration on the growth velocity of submicron wires (diameter
approx. 400nm) had been evaluated in the early stage of the experiments, i.e. on
samples grown on substrates reinforced by copper and gold. Similar growth rates
were obtained for the various substrates at an electrolyte concentration of 5 mM
Bi and 7.5mM Te. Fig.4.7 shows the results for investigated concentrations
ranging from 2.5mMol Bi and 4mMol Te in 1M HNOj3 to 20mMol Bi and
32mMol Te in 3M HNOg3. Because the samples with deposition potential more
positive than - 75 mV were specifically grown for XRD measurements, the growth
process was terminated before the onset of the cap growth was visible. Hence
the data points were not included in the discussion, but it should be noted
that, in a first approximation, the results are in accordance with the presented

findings.

We observe enhanced growth rates with increasing ion concentration and in-
creasingly negative potentials. This indicates that the amount of reduced ions
depends on both, the diffusion of ions towards the cathode and also on the
applied potential. This tendency is observed independently from the employed
electrolyte. In order to maintain comparatively high element concentrations
and slower growth rates, and thus reproducible growth conditions, all subse-
quent experiments were conducted with an electrolyte concentration of 5 mM

Bi and 7.5mM Te in 1M HNOj3 under thermostated conditions. The HTeO;
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Figure 4.7.: Growth rates in 30-um thick PC templates as a function of the applied po-

tential and electrolyte concentration. All channel diameters exceed 200 nm.

ions in the solution were obtained by dissolution of TeOs2 in concentrated nitric

acid.

Data presented in Tab. 4.1 evidences the influence of the channel diameters
and the deposition temperature on the growth rates. By direct comparison of the
maximum growth rates for different nanochannel diameters, but fixed deposition
potential of -100mV vs. SCE, it can be seen that the channel diameter is
not a relevant factor under the given conditions. Temperature on the other
hand significantly reduces the observed time until cap growth starts, and is an

important factor for the tuning of nanowire properties in dc-electrodeposition.

Recent publications reported on the influence of elevated temperatures which
improved the crystallinity of metal nanowires, like Cu [107], Bi [108] and Au
[109]. The positive effect of lowered deposition temperature on the crystallinity
of bismuth telluride nanowires under pulsed condition and the formation of
uniform growth fronts has also been recently demonstrated [59]. Hence, from

a practical point of view, not only potential, but also temperature determines
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Membrane Thickness | Pore Diameter | Growth Rate [pm/min]|
[nm)] [nm)] (T =4°C) | (T =20°C)

30 25 0.65 1.11

30 30 0.72 1.13

30 50 <0.67 1.14

30 250 0.65 1.11

Table 4.1.: Influence of channel diameter and temperature on growth rate for fixed de-
position potential of -100mV vs. SCE. The relative uncertainty of the growth rates is
approx. 10 %.

the growth rates in our experiments due to its influence on the diffusion of
the ion species. While no impact of the changed diameters is visible in the
comparison in Tab. 4.1, a reduction by almost 50% is apparent for the reduction
of growth temperature from 20 to 4°C, which is a similar extent as for the pulsed
deposition of BisTesz in AAO [59]. To demonstrate that the observed growth
rate reduction is predominantly due to diffusion and not simply an effect of
the temperature dependency of the reference potential, the correlation between
temperature T° and reference potential £ was evaluated for our experimental
conditions. According to the equation for the temperature dependence of the

potential of a SCE [91],
E =0.2412 — 6.61 - 10~4(T — 25) — 1.75 - 1075(T — 25)> — 9- 1071°(T — 25)3,

a temperature reduction by 15°C should yield an approximative shift of the
reference potential by +14mV, under the assumption that the reference elec-
trode is in full thermal equilibrium with the solution. Since the temperature
of the reference electrode cannot be precisely determined, the potentials were
not corrected with respect to temperature and, thus, small temperature depen-
dent variations of the reference potential are possible. A comparison of the
temperature related variation of the growth rates (Tab.4.1) with the potential
induced changes (Fig.4.7) shows that the temperature influence is more pro-
nounced than a potential shift by 14mV. In addition, the growth rates were

determined for the BisTes deposition in membranes with thicknesses of 60 and
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100 pm and pore openings of 140 to 180nm. Since the pore diameter has not
shown an influence on the growth rates in 30 pm thick membranes, it is possible
to compare the value to the observed velocities in thick membranes. The results
are shown in Tab. 4.2 and demonstrate that increased nanochannel length alone
also lowers the deposition rate significantly. An increase in channel length from
30 to 100 um leads to a reduction by more than 50 % for both, deposition at 4°C
and at room temperature. This tendency is expected for a diffusion controlled

process in recessed nanoelectrode arrays.

Tyep | Etching Growth Rate [pm/min|

[°C] | Time |min| | 30 pm membrane | 60 pm membrane | 100 pm membrane

4 7 0.65 - 0.27

20 7 1.11 0.71 0.50

Table 4.2.: Influence of membrane thickness and deposition temperature on growth rate
for fixed deposition potential of -100 mV vs. SCE. The relative uncertainty of the growth

rates is approx. 10 %.

Under the given growth conditions, growth rates exceed the values obtained
for BipTes deposition in AAO membranes. Pulsed electrodeposition [59]%in
75-pm membranes at low temperatures has shown to exhibit growth rates as
low as 0.045 pm/min. At similar temperatures and for 60-pm AAO membranes,
slightly lower concentrations (2.5 mM Bi and 3.3 mM Te) in a dc-growth process
have exhibited velocities of the order of 0.03 pm/min. This corroborates the fact
that the channel length is also an interesting parameter, which could be vital in

the comparison of results obtained by electrodeposition in different templates.

4.4. Determination of Filling Ratios

In order to determine the influence of the prolonged deposition times, by re-
duction of the deposition temperature, the fraction of the filled pore volume

fv was exemplarily estimated on several samples. This consideration can offer

3The ratio of ’active’ to 'relaxation’ potential was 1:2.
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some insight in the efficiency of the deposition and the influence of deposition

parameters on the growth process.

By considering Faraday’s law [89] and assuming the synthesis of stoichio-
metric BisTes nanowires, it is possible to determine the amount of deposited
material by evaluation of the accumulated charge during electrochemical wire
growth. For the given compound system, deposition potential and temperature
are likely to influence the composition of the deposited semiconductor. Hence,
the determination of the filling ratios is accompanied by indefinite accuracy, due
to the different charge states of the Bi®* and HTeO,™ ions. Please note that
if a change in the deposition conditions would largely change the composition
of the deposit, the filling ratios could include large systematic errors. However,
since indications on large compositional changes are found neither in literature
nor in our measurements, it is always assumed that BisTes was formed and
deviations from this equilibrium concentration have only minor influence on the

determined values. The amount of deposited material in mole IV is given by

Idt
ndep - F ndep - F

where @) is the charge calculated from the integration over the measured deposi-
tion current and nqep, - I is the charge equivalent to 1 M of the deposit. F is the
Faraday constant (96485.3 C/mol), and nqep is the amount of electrons associ-
ated with the reduction of the ions, which is 18 for the deposition of BigTes (see
equ. 3.8). The volume per mole of bismuth telluride Vi1 is determined from
the molar mass and the mass density of BigTeg and amounts to 10* cm?/mol.
The filling fraction of the pore volume is given by the ratio of the experimentally
determined volume of the deposit V' and the theoretical maximum volume Vjores

occupied by etched nanochannels :

v _ Q : Vmole . 1
Vpores Ndep - F . Adep : (iﬂ-d%w ’ tM)

fv =

(4.2)

The amount of nanochannels is given by the ion fluence ® and the area ex-
posed to the electrolyte Agep. The volume of the single channel is determined

by the membrane thickness ty; and the pore/nanowire diameter dyy.
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Since fy depends on many different experimental parameters, it is of more
use to compare the influence of the deposition temperature on the determined
charge for specific samples, where the templates underwent identical prepara-
tion steps in parallel, i.e. ion irradiation and etching. In that case, variations
due to inhomogeneity of the ion beam, ion fluence, membrane thickness and
active area for electrodeposition can be neglected. Tab. 4.3 presents a compari-
son of the deposited charges and the estimated filled fraction of the total pore
volume. From the presented data, it can be deduced that by reducing the depo-
sition temperature to 4°C, a tendency to improved filling of the polycarbonate

membranes is visible.

The comparison of the deposited charge in thicker templates indicates an op-
posite trend. With respect to the determined filling ratios, it is necessary to
consider the percentage of pores in which nucleation and subsequent nanowire
growth occurs. Otherwise it is difficult to elaborate the homogeneity of nanowire
growth in the given samples. For larger pore diameters, first exemplary measure-
ments were undertaken to determine the percentage of pores in which nucleation
occurs, by taking advantage of the sputtered cathode used for electrodeposition.
As shown before, the cathode is not covering the nanochannels, hence the pore
opening that is linked to the ring electrode for electrodeposition, is still visible in
SEM. The idea is to use the electron beam to ionize atoms within the channels
and analyze the emitted x-rays by energy dispersive x-ray analysis (EDX). If
nucleation took place at the cathode, signals from Bi and Te will be visible in
the EDX-Spectra. Since EDX spectra are always obtained from the excitation of
a volume that is larger than the point resolution of the exciting electron beam,
low acceleration voltages are used for the electrons. Thereby it is possible to
keep the excited volume within the nanowire-polymer composite to a minimum.
It is assumed that the electron beam is focused to the middle of a nanochannel.
For excitation with 8 keV electrons, the width of the excited volume in elemental
Te is approx. 120 nm*, hence only the Bi and Te in the wires or the gold on the

channel walls should be excited for well separated channels.

An example of this measurement procedure is shown in Fig. 4.8 for two pore

openings on the Au cathode. EDX analysis suggests that nucleation of BisTeg

4This value would be lower under the assumption of the denser bismuth telluride.
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Eaep | dnw | Q(20°C) | Q(4°C) | fv (20°C) | fv (4°C)
[mV vs. SCE] | [nm] €I €I K K

30 pm thick membrane

-100 | 24.3 0.035 0.054 14.76 22.77

-75 29 0.088 0.110 24.35 32.57

-100 30 0.073 0.074 20.20 20.47

-100 | 245 0.520 0.740 21.97 32.12
60 pm thick membrane

- 100 - 0.516 0.353 - -
100 pm thick membrane

-100 - 0.546 0.378 - -

Table 4.3.: Deposited charge @ in different membranes with the given pore openings and
estimated percentage of filled volume fraction fy for electrodeposition at 4 and 20°C.
Due to slight variations in the channel diameter in thicker membranes, only the deposited

charge is given.

only took place on one of the ring cathodes. This shows that, despite their
spatial proximity, signals were separable and stray radiation can be omitted.
Comparative measurements were made for the two 100 pm thick samples, where
the deposited charge for room temperature deposition was found to be higher
than for low temperature deposition (Tab.4.3). For the sample deposited at
4°C, only 22% of the pores exhibited clear presence of Te, while for the sample

grown at room temperature, this fraction was estimated to 63%.

For the given samples, this indicates that even though lower charge was de-
posited in total for lower deposition temperature, the pores are more homo-
geneously filled, since a significantly lower percentage of pores exhibit signs of
nanowire growth. It is suggested that the percentage of nanochannels in which
nucleation takes place can be an important factor for the determination of the
homogeneity of the deposition process. For future measurements, a suitable

technique should be employed to assess a larger variety of growth conditions,

including smaller wire diameters and higher pore densities.
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Figure 4.8.: Comparison of EDX-spectra obtained on two separate pores on the sputtered
Awu cathode of a 100-pm membrane, which was etched for 7 min. EDX on pore B did not
reveal any indications of the presence of BiyTes, while pore A exhibits traces of BisTes.
With the employed settings no stray signal from nanowires in neighboring channels was

visible.

Conclusions

Dependent on the potential field of application of the grown BisTes nanowires,
polycarbonate foils of various thickness (10, 30, 60 and 100 pm) were prepared
as templates by heavy ion irradiation and subsequent etching in NaOH. The
correlation between the etching times and the observed pore diameters was

presented in this chapter.

Under identical preparation conditions, pore openings in thicker membranes
have exhibited lower diameters than the 30-pm membranes. The reasons for

this behaviour are under investigation.

From SEM measurements on long nanowires and wire fragments, it is evident
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that the present etching conditions are not yet adjusted to obtain strictly cylin-
drical wires, while cylindrical wires with aspect ratios of 1000 are known to be
feasible in 30-pm membranes. Due to their slightly conical shape, aspect ratios
were not yet determined for long wires, but can be assumed lower than for wires

grown in thin membranes.

Electrochemical deposition from nitric acid based BisTes electrolytes was suc-
cessfully performed in membranes of all thicknesses. Synthesis with diameters
below 30nm are possible in 30-pm templates, while deposition in thick mem-
branes (60 and 100 pm thickness) was only successfully conducted in templates

with minimum pore openings of approx. 140- 180 nm.

From the determination of the onset of cap growth in the I-t curves of the
electrochemical deposition, it was possible to investigate the influence of the
various deposition parameters on the growth process. Reduced ion concentra-
tions in the electrolyte, as well as reduced deposition potentials were suitable
means to lower the growth rates significantly. A reduction was also observed,
when fixed growth conditions were employed and only the channel length was
increased by changing the membrane thickness. An increase from 30 to 100 pm,
which is a common length for AAO membranes, has exhibited growth rate re-
duction as large as 50% for both, deposition at RT and 4°C. Furthermore, a
reduction of approx. 40% was realised by lowering the deposition temperature
to 4°C in thin templates. This has shown beneficial influence on the efficiency of
the synthesis, which was evaluated in the form of the filled volume fraction. This
value was estimated from the deposited charge and the theoretically available
maximum nanochannel volume. Lowered temperature prolongs the growth pro-
cess by reduction of the ion diffusion and has shown to enhance the percentage

of filled volume.



5. Morphology and Structure

As presented in the sections on BisTes bulk material and nanowires, as well as
the considerations on the influence of the various material-specific properties,
e.g. anisotropy in electrical and thermal conductivity or enhanced phonon scat-
tering by low-dimensionality, on ZT', morphological and structural properties
of BigTes are of great importance for the enhancement of the thermoelectric
properties. In order to elaborate the influence of deposition parameters on mor-
phology, high resolution scanning electron microscopy (HR-SEM) was employed
to characterize the surface roughness of nanowires and the texture of caps.
For the determination of preferential orientation of embedded electrodeposited
nanowires and to establish a correlation to the observed morphological changes,
X-ray diffraction (XRD) was employed. Finally, single nanowires with small
diameters were analyzed by means of high resolution transmission electron mi-
croscopy (HRTEM), with respect to crystallinity, morphology, and identification

of interplanar spacings, to validate the formation of BisTes nanowires.

5.1. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is used to determine the nanowire di-
ameters and the influence of various deposition parameters on the nanowire
morphology. Further, SEM allowed the investigation of systematic changes in
the appearance of the nanowire caps. Depending on the deposition conditions,
growth rates as well as the morphological appearance of the nanowires and caps
can change significantly. The impact of the deposition conditions is demon-
strated on samples that were grown with an ion concentration of 5mM Bi and
7.5mM Te, were the Te content was prepared from oxidation of pure Te powder.

The employed templates were prepared by etching from one side, as described

o1
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Figure 5.1.: Observation of increased surface roughness for low-diameter BisyxTes_,
nanowires by potential variations in low-temperature electrodeposition at 6°C ((a) and
(b)) and influence of the temperature and potential on deposition in larger channels ((c)
and (d)).

in sec.4.2. Fig.5.1 shows the influence of the deposition potential for wires
with diameters below 100nm ((a) and (b)). While nanowires are cylindrical
and exhibit a smooth surface for deposition at -62mV at 6°C, an increasingly
negative deposition potential of - 150 mV leads to an enhancement of the surface
roughness, and the corresponding nanowires appear to consist of a set of barely
connected grains. Even the lowered growth rate observed in low-temperature
deposition can not compensate the influence of the applied potential. For wires
with larger diameters of ca. 200 — 300 nm, the influence of temperature is clearly
demonstrated for deposition at -75mV and -100mV in Fig.5.1 (c¢) and (d). At
-75mV vs SCE, the reduction of the fabrication temperature leads to a smooth
wire morphology. The roughness of the wires is also increased at more negative

potentials and higher growth rates, as shown in Fig. 5.1 (d). For the given elec-
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trochemical system, the modification of the nanowire surface roughness is found

to be possible by variation of the potential and temperature.

In the case of cap morphology, samples were grown with an electrolyte with
the same concentrations. The Te concentration of 7.5 mM in the electrolyte was
obtained from dissolution of TeOs. Fig. 5.2 displays the influence of the depo-
sition potential on nanowire caps. The dominant morphologies are shown with
corresponding deposition parameters. Fig. 5.2 (a) - (c) shows caps grown on top
of nanowires with diameters <30 nm, the morphology of the nanowires was also
investigated by HRTEM (see sect.5.3). For these cap sizes <10pm, the ob-
served shape is similar for varied potentials. A distinct texture is only indicated
for deposition at - 150 mV, where several grains appear to have a square base
area. This could result from overgrowth of more textured caps, as the one shown
in Fig. 5.2 (f). Fig.5.2 (d) - (f) gives examples of caps on nanowires with diam-
eters > 140nm. Clear differences in the structure of the cap surface are visible
for caps with sizes >10pm. This is in accordance with the observation of the
surface structure of the nanowires in Fig.5.1. A transition in the morphology
seems to be present at approx. -75mV in combination with a reduced deposi-
tion temperature. The cap and nanowire roughness is reduced for less negative
potentials, while more negative potentials yield rough nanowires and strongly
textured caps. A similar tendency was reported for the behavior of electrode-
posited thin films [26,100]. In the work of Michel et al. [26], electrodeposition
at -40mV vs. SCE led to smooth Te-rich deposits, while deposition at -100 mV
vs. SCE exhibited rough Bi-rich films. Tittes et al. [97] also found a correlation
between morphology and elemental composition, however they reported rough

Te-composites and smooth Bi-rich compounds.

Fig.5.3 shows caps grown on wires with large diameters >140nm. From
the shown caps it can be deduced, that for increasing cap size, the original
texture might become masked due to the different diffusion regime on top of the
membranes, as compared to the ion mass flow within the pores. If crystallinity
of the wires is reflected in the morphology of the caps, their size should hence
be chosen as small as possible, where variations in the growth process due to
change in the different contributions of charge supply (migration, convection,

and diffusion) are not pronounced.
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Figure 5.2.: Dominant cap morphologies for several samples grown under the given depo-
sition conditions. In (a) to (c) the nanowire diameters were ~ 40 nm, in (d) to (f) the

pore opening diameter was >140 nm.
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SEI 10.0kV X270

Figure 5.3.: SEM images indicating the change of cap morphology with increasing size
under the given electrochemical deposition conditions. The size of the pore openings
was > 140nm. Dominant cap morphologies for several samples grown under the given

deposition conditions. With increasing size, strong texture is no longer observed.

Morphological differences in nanowires and caps are potential- and proba-
bly size-dependent. In combination with the established correlation between
film roughness and elemental composition [26,93,100], SEM measurements in-
dicate that the chosen deposition conditions could offer the controlled growth
of either Bi-rich or Bi-deficient BisTes. Since the diffusion of Bi3* is assumed
to be the limiting contribution to the growth of BisTes [50, 93], the potential
dependent ratio of the ion concentrations at the electrolyte-cathode interface
is likely to be also related to the transition from smooth to rough nanowires,
in analogy to thin-film growth. The onset of this transition could hence be
tuned by variation of the Bi concentration in the electrolyte. The change of
the composition of 200-nm diameter nanowire arrays as a function of the ion
concentration has been demonstrated by Wang et al. [50] for deposition at a
fixed potential. The morphology was neither analyzed in detail nor compared to
observations of thin films. However, they reported on increased surface rough-
ness of deposits grown at negative potentials < —200mV and found that the
change of deposition potential was linked to an increase of the Bi content and
the formation of Bi-rich wires. Comparative XRD measurements showed that
Bi-rich rough wire arrays showed preferential (015) reflexes, while for Te-rich
compounds wires, the (110) reflex was dominant. Similar observations have

also been made from measurements on electrodeposited thin films [101,102],
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where increasingly negative potentials have additionally shown the transition
from n- to p-type conductivity. In case that the correlation between structure
and composition does not hold for smaller nanochannel diameters, changed de-
position conditions still allow for selective variation of morphology, which alone
can be of considerable value to the tunability of scattering processes of charge

carriers, as well as phonons [4,5,8,40,41].

5.2. X-Ray Diffraction

To avoid the influence of caps on the diffractograms of embedded nanowires,
the deposition process was interrupted when indications of cap growth, i.e. in-
creased currents, became visible in the recorded I — ¢ transients. In XRD,
monochromatic X-rays are diffracted from crystal lattice planes according to

Bragg’s Law (see Fig. 5.4 (left))
2dhkl -sinf = n-\ (5.1)

with dpz; being the distance of adjacent lattice planes, h, k, [ the Miller indices, 8
the diffraction angle, A the wavelength of the x-rays, and n an integer. For fixed
wavelength, it can be directly seen, that the diffraction angles are a function
of the crystal orientation and interatomic distances. The wavelengths of the
employed X-rays are Ko (A=1.788965A), Koo (A=1.79285 A) for Co anodes
and Ky (A= 1.54060 A), Kao (A=1.54443 A) for Cu anodes. Measurements
with Co K, radiation were made on a STOE four-circle diffractometer with a
graphite monochromator at the department of materials and geosciences of the
TU Darmstadt, analysis with a HZG 4 diffractometer with Cu K, radiation
was performed at GSI. In all cases the K,o-lines were not eliminated. Since
the energy difference between the two X-ray lines is negligible as compared to
their total energy, the two lines add up to higher beam intensities, which is very
helpful for analysing small volumes, as it is the case in the measured nanowire-
polymer-composites. If not explicitly mentioned, diffractograms are scaled to
plot diffraction angles according to a measurement with a Co anode. Thus,
scans obtained from a Cu anode are scaled accordingly. While peak positions

are then comparable for different diffractograms, this is not valid for the peak
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Figure 5.4.: Schematic of Bragg condition for x-ray diffraction measurements (left) and

basic set-up for recording an w-26-diffractogram (right).

intensities. In case w — 20-scans were performed with different wavelength, it is
mentioned in the context. Furthermore, it should be noted that in the case of
the HZG 4, Cu peaks could arise due to stray radiation from the sample holder
and coincide with the diffraction on the (205) plane of BisTes. The sample
holders in the diffractometer with Co anode do not contain copper, thereby the
reflex found at ~ 59° is sample-related. All diffraction measurements were
conducted in reflection geometry as depicted in Fig.5.4. In this configuration,
Bragg diffraction occurs on planes which are aligned perpendicular to the wire
axis. The corresponding direction in reciprocal space is determined by the ori-
entation of the (hkl) planes and is written as (hkl). For orientation in real space,
the exact lattice parameters a, ¢ of the hexagonal cell should be known and the
direction would be given by |2k + k, h + 2k, 13 (%)2} In the case of the (110)
plane, the direction in real space is [110]. Since this not easily transferable for
the occurring (015) and (205) reflexes, directions are therefore uniformly given

by (hkl).

For the X-ray diffraction measurements, the sample is tilted by an angle w
with respect to the incoming X-ray beam, while the detector is moved by an
angle of 20 (0 = w) with respect to the transmitted beam. The axis of rotation
is perpendicular to the plane spanned by the incoming and the diffracted X-ray

beam.
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Prior to XRD measurements, the sputtered Au cathode was selectively re-
moved by means of a KI/Iy etching solution. In few cases, the etchant did
not completely dissolve the electrode, hence a potential reflex from the (1010)
plane of Bis;yTes_y overlaps with a Au peak in the diffractogram and was not

considered for the texture discussion. The texture coefficient is given by

I(hikil;) [ Io(hikl;)

TCuhky = N —x
(hekils) SN (I (hnkaln) / To(huknln))

where hkl specify the lattice planes in the notation for the hexagonal lattice, I
denotes the measured reflex intensity, Iy is the normalized reflex intensity in a
polycrystalline sample, and N’ is the number of considered peaks. For texture
coefficient determination, the experimental signal intensity of polycrystalline
BigTes from Francombe et al. [25] was considered. For TChy; > 1, a preferential

orientation of grains is observed within the sample.

The limited scattering volume and orientation of crystallites in the nanowires
prevent precise determination of the Bi-Te phase, because the peak positions
which most clearly deviate for different phases, exhibit only small peak inten-
sities even in polycrystalline material. An exemplary comparison between a
sample with embedded nanowires and powder diffraction patterns for Te [110]
and three different Bi-Te phases [111-113] are shown in Fig.5.5. In addition,
the peak positions calculated from the lattice parameters published in [25] are
included to demonstrate the influence of variations in the lattice dimensions
on the peak positions of bismuth telluride. The shown experimental data corre-
sponds to a sample grown at -100 mV at 4°C with an average nanowire diameter
>200nm. For all measurements the signal intensities are given in counts per
second (cps) on an arbitrary scale. The increasing intensity at low angles is
attributed to a broad peak centered around 17°, which originates from the crys-
tallinity of the polycarbonate [70]. Based on the comparison with the powder
diffraction data in Fig. 5.5 and the assumption that only one phase is present in
the electrodeposited nanowires, the occurrence of pure Te or Bi, and of Bi-rich

phases with a Bi to Te ratio > 1 were excluded for the investigated samples.
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Figure 5.5.: Peak positions and signal intensities of w-20 scans for Bis{xTes_, nanowires
embedded in PC template, Te and various Bisy«Te3_y compounds, including compar-
ative peak positions of tabulated values and calculated peak positions for BisTes with
lattice parameters a =4.3835A and ¢ =30.487 A [25]. Enlarged views are displayed
for the most common peaks visible in diffractograms of different samples, measured with
Co K,.
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5.2.1. Membrane Thickness - Influence on Preferential Growth

As has been shown in the section describing the electrodeposition of the nanowires
in membranes of various thicknesses, the channel length influences the limiting
currents for electrodeposition. XRD investigations help to elaborate to which
extent the effect of membrane thickness influences composition and structure
of the deposited compound structures. A comparison of diffractograms for
nanowires embedded in membranes with different thicknesses is shown in Fig.

5.6. The other sample parameters were chosen identical, e.g. 7min etching at

(101) (015) (110) (205) 100 pm
(10.10)
J) J\\
60 um
(/2]
o
o
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Figure 5.6.: Diffraction patterns for Bis;<Tes_, nanowires embedded in membranes of
different thicknesses with comparable channel number densities and diameters. The
nanowires were deposited at -100mV vs. SCE, at RT. The 30-um thick sample was
measured with Cu anode, the angles are transformed to be comparable to the two other

samples.

50°C and deposition at -100mV vs. SCE at RT. Under the given conditions,
this yielded pore openings from 140 to 180nm in the thick membranes and
260 nm for membrane of thickness 30 pm. In all samples the (205) peak is dom-
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inant. In powder diffractograms of BisTes, the intensity of this reflex amounts
to 30 % [112] or 20 % [25] of the maximum peak intensity of polycrystalline sam-
ples. Thus, the samples are preferentially oriented with the (205) planes parallel
to the membrane surface. Despite the presence of the Au-peak, the appearance
of other reflexes (015) and (110) indicates that for reduced membrane thickness
of 30 pm a more polycrystalline growth takes place under the given conditions.
Even though the deviation is not very pronounced, it is evident that the growth
process is likely to depend on the employed membrane thickness. This can also
be seen, when comparing samples deposited at room temperature with an ap-
plied potential of -40 mV in 30-pm membranes (see Figs.5.12 and 5.11) and in
a 60-pm membrane (see Fig.5.9).

While the (205) reflex is clearly dominant in the thicker membrane, deposition
in thinner membranes is correlated with a significant reduction of T'Cog5). The
difference between the 60- and 100-pm membranes is not as pronounced as the

difference to the thin templates, despite the significantly reduced growth rates.

5.2.2. Channel Diameter - Influence on Preferential Growth

With respect to the observations on variation of nanowire roughness by SEM
and TEM, the influence of the nanochannel diameter on crystallinity of elec-
trodeposited wires was conducted. Even though several publications on bis-
muth telluride nanowires have appeared within recent years, only one research
group [55] demonstrated for one fixed potential that the channel diameters in

AAO membranes influence the texture of BiyTes nanowire arrays.

Since the ratio of bulk to track etching rate also determines the minimum
diameter obtainable in ion-track etched membranes, investigations on the influ-
ence of the nanochannel diameter were only conducted for 30-pum thick PC. All
samples were deposited at -100mV vs SCE, and the pore openings were 30, 50,
and 260nm for samples grown at RT. For electrochemical deposition at 4°C,
the determined diameters were 30, 60, and 260nm. The results of the w-20
scans are shown in Fig. 5.7, samples deposited at RT are marked in red, wires
grown at 4°C in blue, respectively. From the diffractograms, it is clearly visible

that reducing the diameter favors orientations with the (015) planes parallel



62 5. Morphology and Structure

30nm  (015) — 4°C
—20°C
'5'(')'-'6(')|r'";r'] """ T T T T T T
[7p]
o
(@)
”L’“‘\\_\J Au (j@ (0210)
........ I e s e e wa A SR S
> 200 nm
T L 1 e
20° 25° 30° 35° 40°  45° 50° 55°  60°
20

Figure 5.7.: Diffractogram of Bis;xTes_, nanowires embedded in 30-pm thick polycar-
bonate membranes. The nanowires were grown at -100 mV vs. SCE at RT (red) and 4°C
(blue), respectively. The diameters vary from 30 to 200 nm. w-20-scans were performed

with a Cu anode.

to the membrane surface, because the intensity of the (015) peak is increasing,
while the (205) reflex is reduced for smaller diameters. Albeit the (110) and
(101) reflexes are observable in nanowires with diameters exceeding 200 nm, the
corresponding peaks in the diffractograms vanish for lower diameters. For de-
positions at 4°C, the influence of the wire diameter is similar to the observed
effect for room temperature depositions. However, the favored grain orientation
with (015) texture is already more pronounced at larger diameters than in the

case of RT deposition.

For comparison, an additional set of wires was deposited at +0mV vs. SCE.
The wire diameters range between 50 and 60 nm for two of the samples, the other
embedded arrays exhibit diameters of 140- 150 nm. Diffractograms were taken

with a setup with a copper anode and are presented in Fig. 5.8. Independently
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Figure 5.8.: Diffractogram of Bis;Tes_y nanowires embedded in 30-pm thick polycar-
bonate membranes. The nanowires were grown at 20mV vs. SCE at RT (red) and
4°C (blue), respectively. Average wire diameters of the respective sets are given in the

graph. w-20-scans were performed with a Cu anode.

from the growth temperature, thicker nanowires only show signs of the (015)
and (205) texture in XRD. For thinner wires deposited at room temperature,
two more orientations become visible in the diffractograms, the (101) and (015)
reflexes appear. Under lowered deposition temperature, all peaks are reduced
in intensity, except for the (015) peak which, in comparison, increases in signal
strength. In addition, grains with (205) orientation remain barely visible in the

w — 20 scan for the embedded array with thin nanowires.

As shown for the wires deposited at - 100 mV (Fig. 5.7), growth at +0mV also
shows the tendency that smaller diameters favor the (015) orientation of grains.
This influence of the channel diameter indicates that the deposition parameters
used for thin films and bulk samples might not be easily transferable to very

narrow channels. Preferential orientation of nanowires can be tuned not only by
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the deposition conditions, e.g. electrolyte concentration, potential, and growth
temperatures, but also as a function of the nanochannel diameter in ion track-

etched membranes.

5.2.3. Deposition Temperature - Influence on Preferential Growth

In addition to the shown impact of membrane thickness and nanochannel diam-
eter on the preferential orientation of the nanowire arrays, the influence of the
deposition temperature was investigated by XRD. This is of special interest in
the context of the effective reduction of the growth rates for low-temperature
growth. Fig.5.9 shows the effect of temperature variation from 4 to 35°C for
nanowire arrays electrochemically grown in 60-pm thick membranes at a fixed

potential of -40 mV vs. SCE.
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Figure 5.9.: Diffractograms of nanowires embedded in 60-pm thick polycarbonate mem-
branes, electrodeposited at -40 mV vs. SCE. The deposition temperatures were 35, 20,
and 4°C, respectively. The pore openings ranged between 140 and 170nm. Cu K,

radiation was employed for the measurement of the latter sample.
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The w—20-scan for the sample grown at 4°C was obtained from measurements
with Cu anode, so diffraction angles were scaled according to the wavelengths
of the x-ray sources as discussed before. As for the previously shown samples,
the (205) peak is dominant in all of the samples and the (101) reflex is clearly
present for deposition at room temperature as well as 35°C. In both cases, the
intensities of the reflexes are higher than expected from polycrystalline samples.
A reduction of the deposition temperature from 35°C to 20°C resulted in an
increase of the (110) peak, further temperature lowering brought about the
appearance of the (015) texture, whereas reflections from (101) were no longer
present. Despite the contribution of the copper sample holder in the last sample,

a clear change in texture was observed by lowering the deposition temperature.

In measurements of other sets of samples (see Figs. 5.7 and 5.8), the reduced
deposition temperature is correlated with a reduction of the dominant reflex
((205) for thicker wires) and the appearance or enhanced growth of grains with
a different texture ((015) or (110)), indicating that the nanowire crystallinity
changes due to deposition temperature variation. A summary of evaluated tex-
ture coefficients for wires deposited at either RT or 4°C in 30-pm thick mem-
branes is given in Fig.5.10. From the shown data, it can be clearly seen, that
lowered deposition temperature reduces the (205) texture for all sets of growth
conditions. In addition, either the (015) or the (110) reflex increases in signal
intensity in direct comparison. Based on the observation of the temperature
dependent texture improvement, rocking curves were taken in addition to the
w-20-scans, to further investigate the angular dispersion of a specific crystal ori-
entation. Rocking curves are taken with a fixed detector at a diffraction angle 6
of specific lattice planes, while y or w are varied. Y is the angle that describes the
tilt of the sample with respect to the plane spanned by incoming and diffracted
X-ray beam for fixed angles w and O. In all cases, very broad peaks with an es-
timated minimum of the full width at half maximum of 7 — 10° have been found,
showing that albeit a preferential growth direction apppears to be present, the
samples are not single-crystalline, and grains differ slightly in orientation. As
compared to previously published results on single-crystalline nanowires, which

were electrochemically grown in ion track-etched membranes, sample prepara-
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Figure 5.10.: Overview on the influence of lowered deposition temperature on nanowire
texture. In the upper part, the extracted texture coefficients for the different orientations
are given for deposition at room temperature, the corresponding values for growth at 4°C
are shown below. The fabrication conditions, e.g. potentials and nanochannel diameters
are noted above and below the histograms, respectively. The number of evaluated peak
lines is given by the sum of T'Cly. T'C' < 1 indicates less signal intensity than expected

from the corresponding lattice plane in a polycrystalline sample.

tion in this work does not include use of an additionally reinforced cathode for
increased mechanical stability. Therefore, it can not be excluded, that external

stress has influenced the angular dispersion of the observed grain orientations.

5.2.4. Deposition Potential - Influence on Preferential Growth

One of the many advantages of thin film synthesis by electrodeposition is the
possibility to easily tune crystallinity and composition of a compound system

by adjustment of either the concentration of an electrolyte or the variation of
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the deposition potential. In both cases, the different diffusion properties of the
ionic species inside the electrolyte are the key for success. As shown in Fig. 5.7,
the preferential orientation for deposition at - 100 mV is either with the (015)
or (205) plane perpendicular to the wire axis. Figs.5.12 and 5.11 show that
applying more positive potentials can lead to a similar effect as lowering the
temperature, i.e. a reduction of the (205) reflex in benefit of either the (015) or
(110) texture.

(101) (015) Au (110) (205) (0210)
-100mV — 4°C
— 20°C
: T T T T \A_ T
- 40mV

n n \ e
o T t T T T
(&)
A LA P DI U O TP e et o
20° 25° 30° 35° 40° 45° 50° 55° 60°
20

Figure 5.11.: Diffractograms of Bis;Tes_y nanowires embedded in polycarbonate mem-

branes. Pore diameters range from 50 to 60 nm.

In Fig.5.11, it is demonstrated that the preferential growth direction of 50-
60 nm diameter wires is not changing considerably for potential variation from
-100 to -40mV. (015) texture occurs throughout the set of employed growth
conditions, while deposition temperature reduction yields similar peak intensity
ratios as obtained by tuned potential. For the array deposited at £0mV and

RT, the (205) reflex is more pronounced again, but different orientations are also
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Figure 5.12.: Diffractograms of Bis,«Tes_, nanowires embedded in 30 pm thick polycar-

bonate membranes. The average nanowire diameters are approx. 140 nm.

present. Lowering the temperature led to the disappearance of the additional
(101) and (110) reflexes and the increase of the (015) peak, as readily observed
for different samples grown at - 100 mV. For samples grown at +40mV, only
small signal intensities were measured, but it can still be seen that the shift to
more positive potential results in the appearance of a grain orientation of the
(015) planes perpendicular to the wire length for deposition at low temperature.

In room temperature growth the (205) peak is only vaguely observed.

Similar observation with respect to the interplay of potential changes and de-
position temperature are made for wires with a diameter of 140 nm (cf. Fig.5.12).
Lowering the deposition temperature at 0 mV leads to the reduction of the (205)
reflex, while the (110) is increasing in intensity. Similar texture coefficients are
observed, when the potential was chosen more positive, i.e. +40mV vs. SCE.

This also brought about an increase of the intensity of the (101) reflex, which was
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only barely visible for more negative potentials. Measurement of the samples
grown at -40mV vs. SCE showed the presence of multiple grain orientations,
i.e. (101),(015),(110), and (205). The same set planes is observed at more pos-
itive potentials for smaller nanochannel diameters, +0mV for 50 — 60 nm and
at more negative potentials for large nanochannel diameters, - 100 mV for di-
ameters exceeding 200 nm. This also demonstrates the correlation between the
different deposition parameters. The influence of the potential is more obvious
for the nanowires with a diameter of 140 nm, because the preferential (015) ori-
entation for lower potentials is replaced by reflexes from the (110) lattice planes.
Additional measurements on the influence of the deposition potential were also
conducted for embedded wires with small diameters (30 nm, 30 pm membrane),
where a variation from -100 to -150 mV showed no change in the preferred (015)
orientation. Investigations on thick membranes' (=~ 140nm diameter, 60 pm
membrane) corroborate the shown findings on relative peak reduction of the
(205) orientation by variation of the deposition potential. However, unlike for
thin wires, the (110) reflex was previously barely visible as an additional ori-
entation at -100mV. Even though a preferred growth with (110) planes per-
pendicular to the wire axis was not possible for thin wires, it can be seen that
more positive potentials lead to disappearance of the (015) and appearance of
the (110) reflex in the diffractograms in larger nanowires. Based on the shown
measurements, it is suggested that the potential needs to be more positive for

the (110) orientation to appear in wires with diameters of 50 — 60 nm.

From observations of the influence of temperature and potential on texture,
growth rates and the indications on filling ratios, it is proposed that the in-
creased intensity of the (205) reflex with respect to a polycrystalline sample is
related to the fast growth rates observed for the deposition in PC membranes
in comparison to other templates. However, solely the reduction of the growth
velocity by reduced process temperature is not sufficient to explain the decrease
in the intensity of the (205) reflex, because it is even further reduced for deposi-
tion in thick membranes, yet the (205) peak is dominant for growth at -40mV,

independently from the employed temperature.

The texture in BisTes thin films is known to change with increasing film

Lcompare Figs. 5.6 and 5.9
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thickness [114]. Therefore, the observed (205) reflex could be an indication of
a preferred growth orientation for the first few pm wire length, associated with
the use of the sputtered gold cathode under the given deposition conditions.
The assumption that the increased growth temperature also increases the frac-
tion of channels in which nanowire growth takes place, would support this idea,
because the (205) reflex is mostly dominant in samples grown at room tempera-
ture. Deposition at lower temperature could imply fewer nanochannels in which
nucleation takes place. In combination with slower growth, this would lead to
increased average length, and a reduced (205) signal could be visible in the
diffractogram. From this consideration, this orientation could be an indication
of homogeneity of the growth process. This assumption is difficult to compare
with literature, since mostly thick AAO membranes are employed, which is cor-
related with a long-time growth process, and different substrates can lead to
different preferential orientations in the beginning of the growth. Comparative
measurements with different substrates could help to complement these obser-
vations. Furthermore, it should be mentioned that this effect is predominantly
of importance for deposition in PC templates with larger channel diameters (>
100 nm), where lowered deposition temperatures were not sufficient to change
the preferential growth direction distinctively. For the sample sets with smaller
diameters temperature, reduction leads to T'C(g15y > 1, which could not be

observed for wires with large diameters.

Grain sizes

In order to investigate whether diameter- and temperature-related changes of
the texture are correlated with variations of the average crystallite height, the

grain sizes D are determined by means of the Scherrer equation according to

)‘Co/Cu

D = k. ot
v - cos(6)’

(5.3)

where A is the radiation wavelength, k is a grain shape-specific constant (0.94),
and  is the full width at half-maximum of the diffraction peak at 26. The

FWHM is quadratically corrected for the influence of the experimental set-up,
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Avy =0.18° at 20 ~=59° for measurements with the Co anode. For the mea-
surements on the HZG 4, peak broadening due to the diffractometer geometry
was determined with polycrystalline Si with large grains. The value of Ay was
found to vary between 0.08° to 0.1° depending on the diffraction angle. The
overview of the determined grain sizes is given in Tab. 5.1 for samples grown at

-100mV vs. SCE and arrays deposited in thick membranes.

30 pm membrane
wire diameter (205) (015) (110)
[nm] 4°C | 20°C | 4°C | 20°C | 4°C | 20°C
30 - - 30 30 - -
50 - 17 24 27 - -
260 23 25 33 34 30 33
60 pm membrane 100 pm membrane
dep. potential (205) (205)
[mV vs. SCE| | 4°C | 20°C | 35°C | 4°C | 20°C
-40 31 28 26 X X
- 100 X 32 X 28 34

Table 5.1.: Sizes (given in nm) determined for grains with the given preferential orienta-
tion. All samples shown for 30-pm thick membranes were deposited at - 100 mV vs. SCE.
For membranes with thickness of 60 and 100 um, the etching time was always 7 min. -’
marks that the corresponding grain orientation was not present within the sample, or the
signal intensity was too low for evaluation of the grain size. 'x’ shows that no sample

with the given parameters was measured.

Within the investigated parameter space of deposition conditions, no conclu-
sive tendencies were observable as a function of membrane thickness, nanowire
diameter and temperature. The smallest observed grain sizes are ~ 17 nm, while
the largest grains amount to ~34nm. From the extracted values, it is not
possible to conclude that low deposition temperature in combination with the
corresponding potentials offer the possibility to tune the average grain sizes

in Bis4xTe3_y nanowires in a controlled way. For measurements on samples
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grown at more positive deposition potentials of - 40 mV, grains with preferential
(015) texture were found to be as large as 40 nm (wire diameter 50 — 60 nm) and
~5lnm (wire diameter 140nm ), which is larger than under the above men-
tioned conditions. Values ranging from 49nm (40mV, RT) to 62nm (£0mV,
RT) were estimated from (110) reflexes in wires with 140 nm wire diameter. In
comparison, the deposition potential presumably has a larger impact on grain

size in the given electrochemical system than the other growth parameters.

5.3. Transmission Electron Microscopy

For the investigation of the crystalline structure of single nanowires, transmis-
sion electron microscopy was conducted on several samples. In all samples that
were prepared with a specific electrolyte (5mMol Bi, 7.5mMol Te)2. Prior to
electron microscopy on the wires, the polymer template was dissolved in baths
of CH5Cly or C3H7NO. A drop of the final mixture of nanowires and solvent
was placed on a holey carbon film supported by a TEM grid. Ni based TEM-
grids were chosen rather than the more commonly used Cu grids. This ensured
that potential Cu impurities in the wires could be detected and would not be
hidden by the EDX-signal from the employed TEM grids. For detailed investi-
gation of the crystalline structures and high-resolution imaging of the compound
nanowires, measurements on 6 different samples were made at the MPI for Met-
als Research in Stuttgart with a JEOL 4000FX with 400kV. Results from 5
of the samples with diameters below 30nm are discussed in this section. The
deposition potentials for wire synthesis were - 75, - 100 and - 150mV vs. SCE
for growth at room temperature (samples No. B02, B04, B03). For a fixed po-
tential of - 100 mV vs. SCE, the deposition temperature was changed from 4 to
35°C (samples No. B05,B04,B06). Only polycrystalline nanowires were found,

independent of the different deposition conditions and wire diameters.

Polycrystallinity has also been observed for conical wires (diameters ranging
from 30 —50nm) and thicker nanowires with diameters of 70 —80nm. In both

cases, the deposition potential was -75mV vs. SCE, the deposition temperature

Zpreparation by dissolution of TeOs
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50 nm

Figure 5.13.: Cylindrical nanowires with average diameter of ~25nm. (left) Nanowire
electrodeposited at -75mV vs. SCE at RT. (right) Nanowire grown at -100mV vs.
SCE at RT.

4°C. Since the analysis offers no additional information to the shown data, the

according TEM images are not presented in this context.

Under the given experimental conditions and local variations in the thickness
of the wires, the samples were estimated to exhibit diameters below 30 but
larger than 20 nm along the wire axis. From the analyzed samples, the average
diameter of the nanowires is approximated by 25nm. An overview image of
cylindrical nanowires deposited at - 75 and - 100 mV at RT is given in Fig. 5.13.
From both images, it can be concluded that the wires exhibit smooth surface

contours over long ranges.

High-resolution images were taken in combination with EDX to verify that
the wires have the composition of Bis1yTes_y. An overview of the extracted
interplanar spacings is given in Tab.5.2. The given experimental errors are
derived from the graphical determination of the distances and the calibration
accuracy of the TEM system. For comparison, experimental values obtained by
Francombe et al. [25] were included. In all cases, the determined spacings could

be matched to known data of BisTes bulk material.

Several HRTEM images are shown in Figs.5.14 and 5.15, exemplary crystal

planes are marked and the extracted spacings given. The grain orientation
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Figure 5.14.: HRTEM view on nanowires with average diameters of ~25nm, electrode-

posited at RT. For the wire deposited at -75mV (left), the nanowire edge is visible on
the top of the image. In the other picture, the nanowire tip is shown for a wire de-
posited at -100mV (right). The extracted distances are d(g15 = (3.256+ 0.077)A
and d(g15) = (3.187+ 0.049) A,

observed in Fig.5.14 (left) is in accordance with the texture analysis of wires
with 30nm diameter determined by XRD (Fig.5.7). The given distance in
the image was identified as the (015) plane spacing, which were found to be
aligned perpendicular to the wire axis. Fig.5.14 (right) gives a high-resolution
view on a nanowire tip grown at -100 mV. Also in this case, no obvious grain
boundaries were detected and the (015) planes can be identified. The grain
orientation is tilted by approx. 30° with respect to the wire axis, underlining the
polycrystalline nature of the samples, despite the presence of a preferred growth
direction. The shown HRTEM images also corroborate the determined average
grain sizes by XRD (cf. Tab.5.1). Further high-resolution views are given to
complement the obtained information on crystallite sizes and polycrystallinity.
In Fig.5.15, the wire segments exhibit widths below the average value of 25 nm
and, despite the presence of two different crystal planes in the left image, the
presence of a grain boundary can not be clearly stated. The angle between the
two identified planes (015) and (110) is determined to ~ 40 °, which is close to
the angle between these two planes in undisturbed bulk (42.75° [114]). Hence

stress or a slight tilt of the nanowire could be responsible for the change in the
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Figure 5.15.: HRTEM view on nanowire segments with diameters below the average of
~25nm. For the wire deposited at -150 mV (left), the nanowire edge is visible in the
top right and bottom left corner of the image. The extracted interplanar spacings are
daio) = (2.184+ 0.060)A and d(gi5 = (3.211+ 0.077)A. In the second image
(right), the measured values are d(g15 = (3.228+ 0.010) A and diio10) = (2371 £
0.078) A presume that the view on the marked grains is along the (015) and the (1010)
plane, respectively. The polycrystalline nature of the nanowire is indicated by the pres-

ence of grain boundaries (GB). The wire was grown at 4°C at - 100 mV vs. SCE.

observed plane in this case. In Fig. 5.15 (right), two different grain orientations
are clearly visible, and the existence of grain boundaries (GB) further underlines

the polycrystalline nature of the electrodeposited wires.

To sum up, HRTEM investigations have corroborated the findings of XRD,
confirming the nanowires being polycrystalline with large grains and BisTes-
based in origin. Furthermore, all measured wires were cylindrical in shape,
showing smooth surface contour as expected from the shape of the nanochannels.
In addition, the variation of deposition parameters between deposition potentials
of -75 to -150mV are not sufficient to yield visible variations, neither in the
determined distances nor in the size of crystallites. This is also in accordance
with XRD on nanowires with slightly larger diameters where, independently
from the applied potential, only arrays with a preferential orientation of the

(015) plane perpendicular to the wire axis were observed.
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Sample No. | interplanar spacings [A] plane
HRTEM | Ref. [25]

B-02 3.206 £0.052 3.22 (015)
3.263 +0.084 3.22 (015)
3.247+£0.084 3.22 (015)
3.2794+0.095 3.22 (015)
3.256 £0.077 3.22 (015)

B-03 3.211£0.077 3.22 (015)
2.386 £0.092 2.378 (1010)
2.184£0.060 2.191 (110)
1.807£0.065 | 1.810 (205)

B-04 5.048 £0.125 5.09 (006)
3.197+0.057 3.22 (015)
3.18540.058 3.22 (015)
3.187+0.049 | 3.22 (015)

B-05 3.228 £0.099 3.22 (015)
2.371+0.078 | 2.378 | (1010)
2.371£0.072 2.378 (1010)

B-06 1.843 +£0.076 1.810 (205)

Table 5.2.: Overview on the extracted interplanar spacings for the different samples mea-
sured by HRTEM. All extracted values are in accordance with experimental values from

Francombe et al. [25].
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Conclusions

The investigation of the morphology of electrodeposited BiayxTe3_y nanowires
and caps has evidenced a deposition potential-dependent variation of the nano-
wire roughness at approx. -75mV vs SCE, with the observation of rougher
nanowire contours and stronger cap texture for more negative deposition po-
tentials. Even though the transition point could not be correlated to observed
changes in XRD or HRTEM, diffraction analysis has shown temperature, poten-
tial, and diameter dependent variations in preferential growth of the nanowire

arrays.

In general, the appearance of the x-ray diffraction peak from the (205) plane
spacing was dominant in many samples, preferably when arrays were deposited
in thick membranes. It is found to be possible to reduce this diffraction peak suc-
cessfully in 30-pm thick membranes by lowering the temperature of the growth
process to 4°C, or switching to more positive deposition potentials. Via this
approach, the other present orientation (mostly (015) or (110)) is increased

comparatively in signal.

Nanowires deposited at increasingly negative potentials with respect to the
reference electrode potential have shown to prefer (015), in addition to (205)
texture. For wires with larger diameters of ~140nm, a transition from the
preferential growth of the (015)to the (110) orientation was observed. This
demonstrates that it is possible to tune the preferential orientation of nanowire
growth for the investigated electrolyte-membrane system by variation of the

potential.

Thinner nanowires and the corresponding caps have not exhibited visible mor-
phological changes, indicating a size dependent influence in the deposition pro-
cess. This observation is further corroborated by the XRD measurements on
samples grown at £ 0mV at 4°C. While wires with diameters of ~ 140 nm show
preferential textures of (110) and (205), wires with diameters in the range of
50 —60nm have shown a dominant reflex from the (015) plane. Over a wide
range of deposition parameter, nanowires with low diameters predominantly
exhibit (015) texture and mostly low intensities of the (205) reflex. In combina-

tion with the potential dependent variation of the texture, this evidences that
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nanochannel diameter is a relevant factor for the selection of growth conditions.

Preferential (110) texture is found in Te-rich composites in literature [59,98],
while (015) texture is present in Bi-rich nanowire arrays [50] and films [100].
If a correlation between structure and composition proves true, the shown data
suggests that the transition between Te-rich and Te-deficient composites can be

tuned by the nanochannel diameters, as well as the applied deposition potentials.

Despite high texture coefficients, XRD and HRTEM have both shown that

the wires are polycrystalline BigTes with grain sizes of the order of tens of nm.



6. Composition Analysis

The undoped BisTes semiconductor is known to exhibit p-type electrical con-
ductivity. Doping by Te, I or Se has been shown to increase the charge carrier
density of the n-type Bis_yTes,y, whereas doping with Bi, 5i, Sb is known to
transform the system into a p-type semiconductor. Already small amounts
of copper (=1at%) are known to tune the charge carrier type from p- to n-
type [115]. Due to the large variety of potential dopants in combination with
usually very acidic electrolytes, the substrates used for electrochemical deposi-
tion have to be chosen carefully to inhibit contamination of the compound as
well as possible. In addition to deliberately or unwittingly doping with other
elements, Biy_ Tez, can also change its type of conductivity by tuning the
deviation of Bi and Te with respect to the stoichiometric compound. Since
suitability of a thermoelectric material strongly depends on the sign of the See-
beck coefficient, as well as the electrical conductivity, it is necessary to obtain
as much information as possible on the elemental composition of the nanowires
and the correlation with their crystalline structure. For the determination of
change in composition of the grown samples for varying deposition conditions,
and in order to assess whether impurities can be found in the grown samples,
EDX measurements were performed. TEM/EDX was used for the investigation
on single wires, while SEM/EDX measurements were conducted on nanowire

bundles and caps.

6.1. Energy Dispersive X-Ray (EDX) Analysis

Energy dispersive x-ray analysis (EDX) in SEM and TEM was employed to
determine the composition of the nanowires. In Fig.6.1, the interaction of an

impinging electron beam with bulk samples is schematically depicted for the

79
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case of SEM. In the case of low-density materials, the volume excited by the
electron beam is larger than in the case of high-density materials. The range
of the primary electrons Rpg is dependent on the acceleration voltage Ey and
the mass density of the material o. It can be described with the empirical

relation [116]:
Rpg = 100 - E{* - o7t . (6.1)

With an acceleration voltage of 8kV, Rpg ~ 840, 250, and 100nm for Si,
BisTes, and Au, respectively. At an increased energy of 20keV, Rpg amounts
to 3.1um, 950 nm, and 375 nm for the same set of materials. In analogy to the
interaction of accelerated charged ions with matter, electrons also undergo elas-

tic and inelastic scattering. Elastic processes are single- and multiple-scattering

electron beam (Eo) electron beam (Eo)

sample surface sample surface

BSE

X-ray
excitation

Bremsstrahlun
X-ray ung

excitation

Bremsstrahlung
low density - material high density - material

Figure 6.1.: Schematic illustration of the electron-sample interaction in SEM for low- and
high-density materials. For both cases, escape depth of secondary and backscattered
electrons, as well as characteristic x-rays and bremsstrahlung are depicted. The range
of primary electrons and the width of the excited volume increase for larger acceleration

voltages and scale inversely with sample density.

at target nuclei, which is accompanied with changes in electron trajectory and
only minor changes in the electron energies. These so-called backscattered elec-

trons (BSE) have high energies with a possible maximum value close to Fy. The
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yield of backscattered electrons increases with target density and can therefore
be used to observe large compositional variations through intensity variations in
detector signals. Inelastic scattering processes arise due to the interaction of the
incoming electrons with the shell electrons of target atoms or target nuclei. The
most prominent interaction is the creation of secondary electrons (SE) with low
energies, <50V, which originate from energy transfer of high-energy electrons
to shell electrons. SE electrons which are created in the surface near region of
the specimen are mostly used for SEM imaging and suggest that the interaction
of the electron beam with a material is only superficial, even though the real
interaction volume is much larger (cf. Fig.6.1). At larger depth, the electron
energies are still sufficient to lead to the ionization of the target atoms. The
photon that is emitted when the atom reverts to its original state, is element
specific and can therefore be used to identify different elements within a sam-

ple as shown in Fig.6.2, and to determine the composition of a specimen. In

incoming e-

Q % K-lines @

.%. ,.3.
.O‘K\.@.‘.

L-lines

Figure 6.2.: The energy transfer from an incoming electron leads to the formation of a hole
in a lower shell of the electron system of an atom. When the hole is filled by transition
of an electron from the L- to the K-shell, then the emitted photon vi belongs to the
so-called K-series. In analogy, transition from M- to L-shell yields a L-line photon vp,.

According to Moseley's law the photon energy is element and transition specific [117].

addition to the schematic description in Fig. 6.2, holes in a specific shell, e.g.
K-shell, can also be filled by electrons from different shells, e.g. the M-, not

only the L-shell in the given case. Further diversification of possible photon
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energies is observed, when electron spin is considered and subshells need to be
taken into consideration. Therefore, electron transitions to a specific shell are
represented by a characteristic line spectrum in EDX analysis. Since the cross
section for excitation of the electron system is energy dependent, Ey must exceed
the excitation energy by at least 2 — 2.5 times. For excitation of the Te L-lines,
this corresponds to a minimum acceleration voltage of 7.54kV. The Bi M-Line
is lower in energy, therefore the minimum threshold for excitation is found at
lower energies, and the Te-lines needs to be considered for choosing the right
electron energies for EDX measurements. By increasing the acceleration volt-
age, the penetration depths of the electrons and hence the interaction volume
is also increased. This implies several limitations to the composition analysis
via electron beam excitation, e.g. the lateral resolution due to beam straggling
and information depth Ry;. The latter quantity is determined by primary elec-
tron energy, excitation energy needed for the electron transition between the
shells and the material’s atomic mass A, atomic number Z4 and mass density
p. The maximum depth of X-ray generation can be approximated according to

Castaing’s formula [116]

A

where the acceleration voltage of the electrons Ey should be inserted in kV and
the energy of the generated x-rays E. in keV. This yields R4 in pm. For 8 keV
electrons in BisTes, Ry is 200 — 300 nm for Te and Bi, for 20 keV it was estimated
to 1.5 — 1.6 pm. From the known diameters of the nanowires (max. 250 nm) and
the calculated values for Ry and Rpg, it can be seen that even though high ac-
celeration voltages are necessary to induce excitations in the electron shell of the
target nuclei, it will also lead to an increased contribution from the substrate
to the detected EDX signals and automatically reduces the signal strength of
the Bi M-lines and the Te L-lines in comparison to the employed substrates,
thereby decreasing the accuracy of the measurements. Therefore, an accelera-
tion voltage of 8kV was chosen for the measurements in SEM/EDX, since the
use of a substrate could not be omitted under the given experimental conditions.
With respect to the different interactions of electrons with matter, it should be
included that the inelastic scattering of the electrons at target nuclei leads to

appearance of bremsstrahlung, which is visible as background signal in EDX
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analysis and also increases with higher acceleration voltages. Despite its lack
of high accuracy, as compared to electron probe microanalysis (EPMA) with
wave dispersive x-ray analysis (WDX), EDX can be employed with lower beam
currents, hence reducing sample contamination and compositional or structural
changes in radiation sensitive materials. For measurements on very thin sam-
ples, as prepared for TEM, adapted sample holders can also be used in SEM,
avoiding interfering contributions from the substrate and significantly increasing

the lateral resolution as compared to EPMA or conventional SEM/EDX.

6.2. SEM/EDX on Nanowires

Varying deposition conditions have shown to influence morphology and texture
of nanowires. SEM/EDX analysis was performed on a JEOL JSM-7401F with
an EDX system from Bruker AXS, to determine the influence of the deposition
conditions on the composition of nanowire arrays. Due to the low interaction
volume of the nanowires and the interfering contribution of substrates to the
overall EDX spectra, succesful composition analysis with SEM was only possible
on bundles. Measurement times were chosen dependent on the obtained count
rates and ranged from 6 to 9 minutes for the measurement of bundles as well as
caps. Ignoring straggling of the electron beam, a diameter reduction of a factor
of 2 yields a reduction of the potentially excited nanowire volume and count

rates by 75 %.

Examples for EDX spectra, obtained from nanowire bundles of one sample
and the corresponding SEM images, are displayed in Fig. 6.3. The shown wires
have an average diameter of 200 nm and were deposited at room temperature
at an applied potential of -100mV vs. SCE. The analysis was performed with
an acceleration voltage of 8kV. Considering the experimental uncertainties of
approx. 2 at%, The lower wire bundle exhibits a Te-rich composition (36 at% Bi,
64 at% Te). This tendency is also suggested for the set of wires (38.5at% Bi,
61.5at% Te) in the upper image, albeit the determined composition is close to
stoichiometry in this case. In addition to the presence of C and O, only Si and
Au from the substrate were identified in the spectra. No traces of other elements

were visible, besides a minor contribution from Al, which is always present for
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beam currents in the order of 500 pA or higher and long measurement times, and
arises from stray radiation in the specimen chamber. For comparison, the com-
position of multiple nanowire bundles was determined for several samples. The

extracted concentrations are given in Tab. 6.1 with the corresponding deposition

conditions.
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Figure 6.3.: SEM images on bundles of Bisy<Tes_, nanowires grown at -100 mV. The
diameters are >100 nm. The corresponding EDX spectra are shown on the right side of
the SEM images. In both cases, x-ray analysis indicates that the wires are Te-rich with
extracted concentrations of ~38.5at% Bi and 61.5at% Te for the upper sample and
~36 at% Bi and 64 at% Te in the lower sample. The Si and Au peaks arise from the

substrate and the cathode, respectively.

A comparison of the results indicates that lowering the deposition poten-
tial from 0 to -100 mV increases the Bi content of compound nanowires with
diameters in the range of 150 to 200nm. This would be in accordance with
published results on electrodeposited thin films. However, the accuracy of the
determined element concentrations suggests that the potential difference needs

to be further increased to verify this tendency with the given experimental setup.
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wire diam. | potential | membrane thickn. | Tqep | Bi at% | Te at% | A at%
[nm] [mV] [ j1m]

140-170 -100 100 RT 38.5 61.5 2
200 -100 30 RT 38 62 2
150 +0 30 4°C 35.7 64.3 1.8
150 +0 30 RT 36.7 63.3 1.9

Table 6.1.: SEM/EDX analysis of the averaged composition of bundles of nanowires with
similar diameters. The growth conditions of the different samples are included in the

table.

Nonetheless, deposition at -100mV vs SCE in large nanochannels yields wires
with composition close to stoichiometry, while a potential of 0 mV suggest the

formation of Te-rich composite.

6.3. TEM/EDX on Nanowires

In combination with the HRTEM analysis of Bip_Tes . nanowires (see sect. 5.3),
different wires were additionally characterized by EDX. The results of the com-
position analysis are shown in Fig. 6.4. All wires were grown in identically etched
membranes, the average diameters were ~ 25nm. For comparison, deposition
potentials and temperature were changed from - 75mV to - 150mV and 4 ° C to
35° C, respectively. The measured Bi:Te ratios are given with the according
deposition parameters. From the histogram it can be concluded, that within
the given experimental uncertainty no conclusive difference in the composition
was found for this set of nanowires, despite the variety of growth conditions.
This is in conformity with the observation made in SEM/EDX measurements.
While bundles of nanowires with large diameters exhibit a Te-rich composition,
the wires investigated HRTEM /EDX are Bi-rich, with a composition between
BiTe and BisTes. In one of the samples, even higher Bi concentration was

determined.
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Figure 6.4.: Experimentally determined Bi:Te ratios for (a) different deposition potentials
for constant deposition temperature of 20° C and (b) for varying deposition tempera-
ture at constant potential -100mV vs. SCE. Nanowire diameters are approx. 25nm,

theoretical Bi:Te ratios for BisTes, BiTe and BiyTes are given for comparison.

6.4. EDX Analysis of Nanowire Caps

Motivated by the correlation between the morphology of nanowire caps and the
crystallinity of single-element metal nanowires |77,108,109], energy dispersive x-
ray analysis has been conducted on the caps of several samples and exemplarily
compared with the concentration determined on the nanowires of sec.6.3. The
measurements were performed at a Philips XL30 SEM with a thermal tungsten
emitter at voltages of 20kV. Prior to the measurements, the samples with low
number density of caps were coated with a few nm thick Au layer to avoid charge
influence on the EDX spectra. For quantitative analysis of the spectra, Bi M-
lines and Te L-lines were considered. In contrast to prior experiments, where
the nanowire deposition was performed on copper plated and not only sputter
coated cathodes, no visible traces of impurities were found in the spectra of the
caps. The EDX spectra on caps from different samples® are shown in Fig. 6.5(a)

and (b).

On the left side, SEM images of the caps are given, while exemplary EDX
results for the different cap morphologies are displayed on the right side. All

investigated caps grew on top of wires with diameters exceeding 100 nm and

Yfor the different cap morphologies, cf. Fig.5.2
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Figure 6.5.: EDX spectra of caps grown on nanowires with the given deposition condi-
tions. The samples were coated with a thin Au layer to avoid charge buildup on the
sample surface. Pore opening diameters were exceeding 100 nm. Neither signals from
potential impurities nor large compositional changes are indicated in the shown spectra.
Within experimental errors, both cap morphologies exhibit compositions close to the

stoichiometric compound.
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with the corresponding deposition conditions. For growth at - 30 mV, the con-
centrations are determined to 39.4 at% Bi and 60.6 at% Te with an experimental
uncertainty of 1.9at%. The more textured caps, electrodeposited at - 125 mV,
exhibit average of 38.8 at% Bi and 61.2 at% Te (£2at%). With the same exper-
imental error, measurements on large round caps, which appear to develop out
of shown textured caps, showed a composition of 40.9 at% Bi and 59.1 at% Te.
Analogously to the SEM/EDX observations on nanowires, no impurities were
visible in the measured spectra. Neither for deposition temperature variations
from 4°C to 35° C for a fixed potential of -100mV vs. SCE, nor for potential
variation from -30 to -150mV vs. SCE at a deposition temperature of 20 ° C,
any definite compositional variations could be extracted from the measured
data. Due to the nanochannel diameter-related variation of cap morphology
and observed texture, a comparison of the obtained Bi-Te ratio for caps grown
on small-diameter pore openings (30 nm) and the HRTEM results on nanowires

is shown in Fig. 6.6.
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Figure 6.6.: Experimentally determined Bi:Te ratios for (a) 25nm diameter nanowires by
EDX in TEM and (b) the corresponding caps observed on top of the templates. The

theoretical Bi:Te ratios for BisTes, BiTe and BiyTes are given for comparison.

In the given plot, it can be clearly seen that nanowires appear Bi-richer than
caps, independent of the deposition conditions. The composition of the caps has
been corroborated for several samples by additional EDX measurements with a
different SEM/EDX system?. In that case, the average composition ratio was

shown to vary between 0.67 +0.07 to 0.77 £0.07, which is also on the Bi-rich

2JEOL JSM-7401F with Bruker EDX detector
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side of the Bio_yTes;, composite. In general, EDX data obtained for both
cases suggest that caps as well as nanowires with a diameters of 25 nm are on

the Te-deficient side of the stoichiometric compound.

Conclusions

As for the texture variation in the case of electrodeposition of increasingly thin-
ner nanowires, the composition measured by EDX also indicates an influence of

the restricted geometry of the nanochannels.

While measurements on nanowire bundles exhibit Te-rich composition for
various deposition conditions and large wire diameters, TEM /EDX suggests a
Bi-rich compound for nanowires with small diameters. These observations fit
the evaluation of the preferential growth of the nanowires, where the (110) and
(101) reflexes occured for larger wire diameters, while the (015) texture was

dominant in the case of thin wires.

First EDX results suggest that the correlation between texture and composi-
tion holds for the electrochemical growth of nanowires and only small deviations
from stoichiometry can be assumed, which is in accordance with observations
on submicron wires. The results indicate that the transition conditions for the
change from n- to p-type could be a function of the nanochannel diameter, which
should be considered for future experiments. If this indication proves true, it
would be of great importance to the thermoelectrics community and would shed

new light on the preparation of thermoelectric nanowires.

In order to obtain more detailed information on the composition, a reduction
of the substrate contribution to the nanowire EDX spectra is essential. With the
given accuracy of the setup, only indications on the influence of the deposition
parameters can be given. Comparative measurements on different SEM/EDX
and TEM/EDX systems are necessary to determine the composition of the wires
more precisely and to determine potential deviations arising from the different

set-ups and quantitative algorithms, employed for the analysis.

The viable information obtained from the measurements on caps is the con-

clusion that morphology and composition could not be correlated for the in-
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vestigated samples. Furthermore, EDX on caps on embedded wires with small
diameters showed that the composition of nanowires is not in accordance with
the composition of the corresponding caps. This deviation might arise either
from the different devices for analysis or, alternatively, from the different elec-
trochemical deposition conditions for recessed nanoelectrodes and hemispherical

microelectrodes.



7. Summary and Outlook

The presented work covers the electrochemical growth of BisTes nanowires in
ion track-etched templates and the characterization of their morphology, com-
position and crystallographic characteristics. Therefore, the relevant deposition
parameters, e.g. electrolyte concentration, deposition potential and temper-
ature, have been systematically varied to demonstrate their influence on the
growth process. For a specific electrolyte, the aforementioned properties were
investigated on nanowires with different diameters and lengths as a function of

deposition potential and temperature.

Polycrystalline Bis Tes nanowires were electrochemically deposited in ion track-
etched membranes of various thicknesses ranging from 30 to 100 pm. Fabrica-
tion of membranes by heavy ion irradiation of polycarbonate foils at the lin-
ear accelerator at GSI and subsequent chemical etching enabled the synthesis
of nanowires with diameters as small as 20nm and nanowires with length of

100 pm.

Systematic studies on the parameters for electrochemical deposition have been
conducted with respect to the control of growth rates. Slower growth rates were
achieved by lowered ion concentrations in the electrolyte and lowered deposition
temperatures. Electrochemical growth at 4°C has shown to increase the effective
filling ratio of the nanochannels during the fabrication process. In addition,
indications were found that this could be accompanied by increased homogeneity
of the deposition. Deposition of BisTeg nanowires in 60- and 100-jpm membranes
exhibited a significant reduction of the growth rates as compared to growth in

30-pm membranes.

Nanowire and cap morphology were analyzed by electron microscopy. Mor-

phological changes were observed as a function of the deposition conditions and

91
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nanochannel diameter. For growth under small negative or positive potentials
with respect to the reference potential and low deposition temperature, smooth
contours of the nanowires were observed. Increasingly negative potentials, in
combination with room temperature growth, led to increasingly rougher wire

surfaces and highly textured caps.

The preferential orientation of the bismuth telluride nanowires was inves-
tigated by XRD. The investigation of the structural properties of nanowires
deposited in thick membranes exhibited that the most dominant reflex in the
w — 20 scans corresponds to the orientation with the (205) plane perpendicular

to the wire axis and direction of wire growth.

Further studies showed that it was possible to control the preferred growth
orientation for deposition in 30-um membranes via applied potential and tem-
perature. In particular, lower deposition temperatures led to a reduction of the
(205) peak, while an increase in peak intensity of additionally present orienta-

tions is detected.

A very important result is the influence of nanochannel diameters on the
preferential growth direction of the nanowire arrays. For fixed deposition con-
ditions at 0mV vs. SCE and 4°C, a reduction in the channel diameter from
~140-150nm to 50-60nm has brought about the disappearance of the (110)
reflex and the occurrence of preferential growth with the (015) planes perpen-
dicular to the wire axis. At -100mV vs. SCE, size reduction is tentatively
accompanied with reduction of the (205) reflex. In addition, it was possible
to demonstrate the tuning of the (110) to the (015) growth in nanowires with

intermediate diameters, by varying the deposition potential.

Due to the highly anisotropic structure of bismuth telluride, deposition-control
over crystallographic characteristics is of great relevance to the characteriza-
tion of the thermoelectric properties of nanowires. Since the aforementioned
potential dependent change in growth direction was not observed for thinner
nanowires grown under the same conditions, this result further evidences the
importance of systematically investigating the influence of the deposition pa-
rameters directly on nanowires rather than on thin films deposited with the

same conditions. In addition, it shows that it is possible to tune the texture of
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nanowires grown in ion track-etched membranes by variation of the deposition
potential. Evaluation of the grain sizes by XRD shows no dependence on the
employed growth conditions. Their sizes predominantly range from approx. 20
to 35 nm, which was found to be in accordance with observations on thin wires

by HRTEM.

Energy dispersive X-ray analysis indicates Te-rich composition for wires with
larger diameters and Bi-rich composition in thin wires. SEM/EDX on nanowire
bundles also suggests, within experimental errors, that the Bi-content of wires
with diameters of ~150nm is increased for increasingly negative deposition

potentials.

In this work, the advantages of the versatile combination of electrochemical
nanowire growth and ion track-etched membranes are successfully demonstrated
by the synthesis of BizyxTe3z_y nanowires with very small diameters and large
lengths. Furthermore, the influence of the deposition parameters on the fabri-
cation process has been demonstrated. Variation of deposition conditions, e.g.
electrolyte concentration, deposition temperature and potentials, and modifi-
cation of nanowire diameters and lengths offer opportunities for the controlled
growth and design of compound semiconductor nanowires. Precise knowledge
of the interplay between these parameters is of great importance for the final
thermoelectric performance of a semiconducting composite and indispensable
for the interpretation of measured physical properties with respect to finite size
or quantization effects, being it for application as low-dimensional model system

for basic research or as a functional device.

Aiming at understanding and improving the thermoelectric properties of low-
dimensional structures, future work will focus on measuring electrical and ther-
mal properties of single nanowires with different compositions and crystallo-
graphic characteristics. For the development of a prototype nanowire-based
thermoelectric device, efforts will focus on the fabrication of nanowire arrays
with an increased filled volume fraction. This will be advantageous for the
determination of the Seebeck coefficient in embedded nanowire arrays and for
measurements of the thermal conductivity of the nanowire-polymer composite

structures.
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More generally, detailed structural and compositional analysis is of great im-
portance for the determination of specific physical properties and additional
work is needed to further explore the implications of size restriction by low-
diameter nanochannels on the synthesis and physical properties of single-element

and compound nanowires.



A. lon Track-Etched Membranes

Ion track-etched membranes cover a large variety of technological applications,
reaching from filter systems to membranes for nanostructure synthesis 77,118
121]. Fabrication of these templates by the irradiation with heavy ions at the
UNILAC facility of GSI offers several advantages over the commercially available
membranes. Due to the high energy of the projectiles, comparatively thick poly-
mer films can be irradiated and subsequently etched to polymeric membranes,
with aspect ratio of the channels as high as 1000:1 [86]. In comparison to other
facilities, the irradiation setup offers an ion beam with negligible angular dis-
persion, leading to highly oriented, i.e. parallel, damage tracks in the polymers.
In all cases of fabrication of ion track membranes, the lateral positioning of the
channels on a samples surface is random. For a given channel diameter d and
ion fluence @, the probability of overlapping of two pore openings Ps can be

described by Poisson’s Law [122],

Py=1— ¢ "%, (A.1)

Since the increase of the ion fluence automatically increases the area density
of tracks and, hence, also the channel density in membrane, the probability of
overlapping channels should be known for the specific application of the mem-
branes. With respect to the usage as template for the synthesis of nanowires
with specific size dependent properties, this is of special importance to ensure
homogenous wire diameters for the majority of the grown nanowires. In Fig.A.1
an overview is given on the correlation between the maximum nanochannel di-
ameter and the ion fluence for specific fixed amounts of pore overlaps. This

correlation should be kept in mind for aiming at nanowire-polymer compos-
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ite based thermoelectric devices, when nanowires with very low diameters are

necessary to take advantage of nanoscale effects.
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Figure A.1.: Channel diameter to ion fluence correlation for different probabilities of over-

lapping channels in ion track-etched membranes.

Several realizations for nanowire based thermoelectric devices have already
been published [123,124]. The quantitative analysis of their performance did,
so far, not meet the high hopes of low-dimensionality. Several implications need
to be considered for potential application of nanowire based devices. In the fol-
lowing section a few basic considerations for on nanowire-template-composites
and thermoelectric application are presented. Not only the difficulty in obtain-
ing high quality nanostructures is one limiting factor in this context, in the last
few years, the negative influence of the membranes or supporting structures has
been repeatedly put into focus. The templates in which the nanowires are grown
work as thermal shunts, i.e. they contribute to the overall thermal conductivity
of the thermoelectric legs and significantly impede any beneficial contribution
from the size reduction of the thermoelectric materials. In a simple model, the

thermal conductivity can be assumed as the weighted sum of the surface fraction
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occupied by the nanowires f,,, and the membrane fj;, respectively,

Kk = fowbknw + (1 - fnw) Rm- <A2)

The usage of a template with low thermal conductivity would be preferable
to keep the negative influence of the membranes on the thermal conductivity
as low as possible. In this context, Biswas et al. [63] reported the growth of
bismuth telluride nanowires in AAO templates and used the effective medium
approach to determine the reduction in Z7T for composites. After replacing the
AAQO membrane with SU-8 via spin coating, while keeping the nanowire number
density constant, measurement by a photoacustic method exhibited a reduction
of the thermal conductivity of 21% for the composite structures. Thereby they
demonstrated the beneficial impact of polymeric template on the thermoelectric
figure of merit. These considerations can be extended to include the influence of
the nanowire fraction on Z7T. The most commonly used membranes, e.g. non-
conductive polymers, alumina, are insulators, therefore their contribution to
the electrical conductivity can be neglected, while the fraction of thermoelectric
material f,,, should still be reflected in the conductivity. ZT is then described
by

0 frw

ZT comp = S*
comp fnw Knw + (1 - fnw)

T = F(Km, fnws frw) - S° -0 - T. (A.3)
K

A comparison of qualitative dependence of F'(K,, Knw, frnw) on the fraction of
nanowires is given in Fig.A.2 for different host materials : air (x = 0.03 W/mK),

polycarbonate (k = 0.2W/mK) and alumina (x = 1.5 W/mK).

As seen from the work of Biswas et al. [63] and the results in Fig.A.2, the
dependence of ZT on the thermal conductivity of the template material and
the fraction of thermeoelectric material is crucial. Especially low thermal con-
ductivity alone is not sufficient for enhanced ZT', which is a large drawback of
common ion track-etched membranes. The embedded nanowire arrays would
need to represent approx. 20 to 30% of the nanowire-template composite to
offer the same ZT as a corresponding AAO membrane with a nanowire volume
fraction of 70 to 80%. It can be seen that deliberating nanowires from the tem-
plates is the most advantageous solution for obtaining a high Z7T devices based

on nanowires, independently from the gain in reduced thermal conductivity by
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Figure A.2.: F(Km, Knw, fnw) (in arbitrary units) as a function of the nanowire fraction in
different host materials with the given thermal conductivity. The thermal conductivity
of the nanowires is assumed 1.2 W/mK and 0.5 W/mK. The pore fraction in PC for low

percentages of overlap is about 2%, common pore fractions in AAO are 70 to 80%

increased phonon scattering. Since the highest ZT' is most easily obtained,
when a nanowire-based device is sealed into a vacuum housing, it should be
noted that nanowires suffer from problems with respect to mechanical stability
at aspect ratios in the vicinity 50:1. For a nanowire-vacuum composite structure
this would imply limitations to the maximum device heights. In the case of sen-
sorics this implies limitations to the sensitivity of the nanowire-based devices.
In conclusion, much more research is needed with respect to nanowire mechan-
ical stability, surface and increased volume fraction in media with low thermal
conductivity and their impact as thermal shunts for potential nanowire-based

devices.
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