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Abstract

Porous anodic alumina (PAA) films were utilized to template the fabrication of nanos-
tructures of bismuth, antimony and bismuth-antimony alloys. The cylindrical tem-
plate pores were used to synthesize nanowires by electrochemical methods. The
porous surface of the template was used as a substrate for the e-beam deposition
of antidot array thin films. Electrical transport measurements in bismuth nanowire
arrays embecdded in the templates were demonstrated to be highly sensitive to struc-
tural imperfections. Thin film studies compared the weak anti-localization cffect in
bismuth films with antidot array morphology versus continuous films. It is shown that
the antidot array makes the weak anti-localization effect more pronounced in magne-
toresistance measurements, and allows for a more detailed study of carrier scattering
mechanisms in thin films.

A new process is presented for the fabrication of PAA templates on rigid sub-
strates. The substrate provides mechanical support for the generation of crack-free
PAA films over areas of tens of cm?, while electrically-conducting substrates can serve
as back-electrodes for the electrochemical growth of nanowires and for their electrical
characterization. Various processing challenges were solved, including the deposition
of thick aluminum films, the control over the adhesion between the layers of the struc-
ture, and the removal of the alumina barrier-layer at the interface between the porous
film and the substrate. The use of the substrate to achieve non-planar and patterned
PAA films is demonstrated.

A model is constructed to calculate the thermoelectric figure-of-merit Z of bismuth-
antimony alloy nanowires as a function of diameter, composition, and carrier density.
In this model, the band structure of the alloy in bulk form is modified by the quan-
tization of k-space in the two dimensions perpendicular to the nanowire main-axis.
Boltzmann'’s transport equations are solved with this one-dimensional band structure.
The model predicts an enhancement in Z in alloy nanowires compared to the alloys in
bulk form and to bismuth nanowires. The enhancement, which was found to be non-
monotonic in diameter—composition space, was related to shifts in the populations
and energies of the different carrier pockets.
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Chapter 1

Introduction

1.1 Nanoscience

Nanoscience, the study of physical phenomena in objects with nanoscale dimensions,
is one of the fastest growing areas of scientific research in recent years. The impe-
tus for the expansion of the field originates from the development of new synthetic
methods that produce nanostructures with tight control over their size and compo-
sition, and from the development and commercialization of analytical tools for the
characterization, imaging, and manipulation of nanostructures.[1]

From an applications standpoint, nanostructures allow for the miniaturization of
devices, at times substantially increasing their sensitivity. Thus, nanotechnologies
are predicted to transform the IC and data-storage industries, where high densities
of data-processing and memory units are sought for. Nanostructures can also be
incorporated into other materials in high deusity to create composites with improved
or specially tailored properties. In particular, nanoparticles and carbon nanotubes
are routinely added to polymers, coatings, and pastes (even sunscreen!) to modify
their electrical, optical, or rheological properties.

From a scientific standpoint, nanostructures show a variety of novel effects. Their
characteristic sizes can be smaller than critical lengths, such as the exciton diameter,
the de-Broglie wavelength, or the carrier mean free path. This leads to the observa-

tion of mesoscopic phenomena, such as size-dependent tuning of physical properties,
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quantized behavior, and ballistic transport. Another reason for the modification of
material properties in nanostructures is the increase in the surface-to-volume ratio.
The high proportion of atoms at the surface can lead to structural rearrangements
and to an increased sensitivity to the environment. Nanoscience researchers, there-
fore, do not merely seek to reduce the size of the system of interest, but are motivated
by the differences distinguishing the nature of a microscopic system from that of its

corresponding macroscopic counterpart.

1.2 Templated Synthesis of Nanostructures

The synthesis of nanostructures is a challenging area, since reproducible and eco-
nomical synthetic strategies are necessary. The synthesis of quantum wells (two-
dimensional nanostructures) via epitaxial growth on crystal surfaces and the syn-
thesis of quantum dots (zero-dimensional quasi-spherical nanostructures) via ligand-
mediated solution crystallization have been established. Synthetic routes to quantum
wires (one-dimensional nanostructures) and structures with more elaborate shapes are
less developed and less understood. One approach, that has a clear cost advantage,
is the use of self-assembly. In self-assembly systems, competing interactions between
the system’s units lead to their collective arrangement into well-defined, predictable
structures. The interaction forces are encoded in the physico-chemical structure of
the units. The disadvantage of this approach is that only a few material systems
can be manipulated in this way, and each forms only one or a few structural motifs.
However, self-assembled structures can be utilized as molds or scaffolds for the syn-
thesis of prescribed nanostructures from many other materials. This process is called
"templating ”.

In this work, porous anodic alumina films were used for the templating of nanos-
tructures. Porous anodic alumina films are formed during the anodic oxidation of
aluminum sheets. The pores of these films run as channels of cylindrical cross-section
across the thickness of the film. Under controlled conditions, the pores self-assemble

into a close-packed triangular array of channels possessing similar diameters and
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Figure 1-1: Scheme of the structural features of a porous anodic alumina film on an
aluminum substrate, showing the triangular array of pores on the surface of the oxide

and the high aspect-ratio cylindrical channels cutting through the oxide layer.

lengths. The pore diameters can be globally tuned between 7 and 200 nm, and the
channel lengths can be selected in the range of 0.2 to 100 microns. Figure 1-1 shows
the structural features of a porous anodic alumina film.

In this thesis, porous anodic alumina films served as templates for nanowire syn-
thesis and for antidot array film preparation. Nanowires were formed by filling the
volume of the pores with a continuous block of the material of interest. The nanowire
diameters and lengths were identical to the channel diameters and lengths, respec-
tively. Antidot array films were formed by the evaporation of the film material on the
porous sutface of the porous anodic alumina films. This process resulted in a continu-
ous thin film interspersed with nanopores in a lattice identical to that of the channels
in the alumina template. The diameter of the pores of the film was slightly smaller
than that of the pores of the template, while the thickness of the film is controlled
during the film evaporation. Figure 1-2 relates the structure of the nanowires, and of
the antidot array films, to the structure of the porous anodic alumina templates.

The nanostructures formed by templating with porous anodic alumina were used

to further elucidate the effect of dimensionality and nanostructuring on material prop-
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and the antidot array (left) or the nanowires (right) templated by it.

erties; in particular, on electrical and thermal transport.

1.3 Thermoelectric Phenomena

The thermoelectric phenomena describe coupled electrical and thermal transport
through a physical system. In the early nineteenth century, it was shown that an
electric potential AV is produced by holding a temperature difference AT between
two junctions of dissimilar materials in an open circuit (the Seebeck effect), and that
heat can be absorbed or generated in a junction between two materials at a rate
@, when electrical current I passed through the junction between them (the Peltier

effect). The quotients
Sap = —AV/AT (1.1)
and
Tab = Q/1 (1.2)

are characteristic of the material couple (a-b) making the junction, and are called
the Seebeck coefficient S,; and the Peltier coefficient 7,,, respectively, honoring the

discoverers of the above-mentioned thermoelectric phenomena.[2] In the geometries
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Figure 1-3: Schematic diagrams for simple (a) cooling and (b) energy conversion

devices using thermoelectric materials.

shown in Fig. 1-3, these thermoelectric effects can be utilized to generate electrical
power from a heat source, or as an electrical solid-state cooling device (thermoelectric
refrigeration). Note that the heat flow and the temperature gradient are parallel in
the cooling device, and are anti-parallel in the power generator.

The efficiency of a thermoelectric power generator n*°“*" and the coeflicient-of-

performance of a thermoelectric refrigerator ®°° are defined as
P = W/Q and ot = Q/W (1.3)

where () is the rate of heat flow from the heat source, and W is the power obtained
from the generator or consumed by the refrigerator. The power consumed by the ther-
moelectric refrigerator consists of the power dissipated by the resistance of the device
(I’r) and the power used to balance the Seebeck potential due to the temperature
difference across the device (Sy, * AT * I). The power generated by a thermoelectric
power generator consists of the power associated with the Seebeck voltage alone. The

heat flow from the heat source
1
Q = Sap * Toource * I — 51% + kAT (1.4)

comprises of the Peltier heat flow, the heat flow due to half of the power dissipated by

Joule heating, and the heat flow due to the thermal conductivity and the temperature
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gradient across the device (positive sign for the power generator and negative for
the cooling device). By optimizing the gcometry of the device, the current, and the

external load[3, 4], the performance quotients of Eq. 1.3 are found to reach a maximum

of

ower_{TM(V1+ZTM+1)+1 B (15)
maz AT (V1¥ ZTy — 1) 2 '
and
q)cool _ TM(V]'JFZTMil) _1 (16)
AT (V14 2Ty +1) 2 '

where AT is the temperature difference between the hot-end junction and the cold-
end junction Ty — T¢, and Ty is the average temperature (T + Tz)/2 . Here Z is
defined as
7 — Sgb
2
{\/ KapPa + vV '{bpb}

In the above equation, Sg is the Seebeck coeflicient of the couple, x; is the thermal

(1.7)

conductivity of material i, and p; is the electrical resistivity of material 'i’. By
definition, Z solely depends on the materials properties of the thermoelectric couple.
The expressions for the maxima of the performance quotients in Eqs. 1.5-1.6 are
monotonically increasing functions in Z. Thus, Z is called the thermoelectric figure-
of-merit of the device. Often, it is more convenient to refer to the properties of a
single material than to the properties of a couple. The thermoelectric figure-of-merit

of a single material Z is similarly defined as

52
Z=p2 : (1.8)

derived from the expression for Z for a couple consisting of the material of interest
and a superconductor as material 'b’ (Psuperconductor = 0 €2-¢m, Sg = Sabb=superconductor
also resulting in the relation S,, = S; — 5,). Equations 1.7-1.8 indicate that Z is the
highest for devices with material couples with one junction-component (a.k.a. leg)
with S, > 0 (a p-type leg) and another junction-component with S, < 0 (an n-type

leg), as suggested in Fig. 1-3. The expressions also indicate that good thermoelectric
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Figure 1-4: The electronic density-of-states functions g(F) characteristic of bulk (3-
D), quantum-well (2-D), quantum-wire (1-D), and quantum-dot (0-D) semiconduc-

tors.

materials have large |5|, low p, aud low . In conventional macroscopic material
systems, however, a decrease in p (for example, by doping a semiconductor} is accom-
panied by an increase in x and a decrease in |S|. Thus, only a limited improvement

in Z has been achieved by traditional materials optimization.[5]

Nanostructured materials hold, in some cases, a promise for improving the value
of Z compared to macroscopic, homogeneous materials. In nanostructured materi-
als, the electronic energy is modified (the representative evolution of the electronic
density-of-states with dimensionality is shown in Fig. 1-4), leading to quantum size
effects in the electrical (and optical) properties. Heat transport is also modified by
the heterogeneous nature of nanostructured materials. Nanoscale engineering can,
thus, provide an approach for circumventing the limiting relations between p, S, and
%, and provide additional control parameters (i.e. size, dimensionality, geometry)
to optimize the thermoelectric properties of a structure. These ideas[6] prompted
theoretical and experimental efforts, which have begun to yield positive results in
the form of high Z values for semiconductor superlattices and other nanostructured

systems.[7-9|

31



1.4 Thesis Outline

Previous work[10-14], both theoretical and experimental, has brought bismuth nano-
wires to the center-stage of nanoscale thermoelectrics research. Bismuth nanowires
were shown to display interesting phenomena, such as a diameter-induced semimetal-
to-semiconductor transition[15] and negative longitudinal magnetoresistance[15]. As
nanostructures with large quantum confinement but with a continuous path for trans-
port of charge carriers, bismuth nanowires are also predicted to have high Z values.[16]
Further improvements in the modeling, the material science, and the synthesis of
nanowires are still necessary for the development of good thermoelectric nanowires.

Some of these aspects are addressed in this thesis.

In chapter 2, a theoretical model for the calculation of the thermoelectric prop-
erties of bismuth-antimony (Bi-Sb) alloy nanowires is developed and implemented.
It will be shown that Bi-Sb alloys can be more favorable than bismuth as a low-
dimensional thermoelectric material, and that composition could be used as an ad-
ditional parameter to manipulate the electronic band structure of nanowires and to
optimize their properties.

In chapter 3, a novel approach for the synthesis of nanowires and nanowire-based
devices is presented. The chapter details modifications made to the fabrication of
porous anodic alumina films, producing films on rigid substrates, thus obtaining films
with superior mechanical properties and more complex structure. The use of the mod-

ified films as templates for nanowire growth and device fabrication is demonstrated.

In chapter 4, an electrochemical approach for the synthesis of bismuth, antimony
and Bi-Sb alloy nanowire arrays is developed. Conditions for the electrodeposition
of single crystal bismuth nanowires in porous anodic alumina are explored. This
synthetic route to nanowires complements the previously used pressure-injection and
gas-phase impregnation techniques. Comparison is made between the structural and
physical properties of the nanowire arrays that were obtained by the different meth-
ods. Structural defects are shown to be strongly manifested in the electrical charac-

teristics of the bismuth nanowire arrays.
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In chapter 5, the fabrication of antidot array films by templating with porous
anodic alumina templates is introduced. The electrical properties of these nanos-
tructured films are investigated and compared to those for continuous films. For the
first time, the influence of antidot nanostructures on the magnetoresistance due to
the weak anti-localization effect is investigated. A detailed analysis is carried out
to obtain the characteristic scattering times of the electrons in the films. From this
analysis, the effect of the nanoscale structure is revealed.

At the end of each chapter, a summary is provided, along with a brief discussion
of remaining unresolved questions relevant to the work that was presented in that

chapter.
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Chapter 2

Theoretical Modeling of the
Thermoelectric Properties of

Bismuth-Antimony Nanowires

2.1 Introduction

The thermoelectric figure of merit of a material, Z, is given by the product of the
electrical conductivity &, the square of the Seebeck coefficient S and the inverse of the
thermal conductivity  (Eq. 2.1).[3,17] Each of these quantities is a complex func-
tion of electronic and material properties, such as doping density, density of states,
scattering time constants, heat capacity, etc. Since there is a large number of con-
trol parameters, the parameter-space is too large to explore experimentally, and even
then, only very crude empirical relations could be extracted by trial-and-error explo-
rations. Thus, it is imperative to develop robust models, that will guide experimental
efforts by predicting the range in the parameter-space which would lead to the best
thermoelectric performance of the material. Such models can also provide informative
numerical solutions for the dependence of Z on the various parameters. In addition,
it is beneficial to develop a model that will be adaptable to various material systems

and that will consider all the significant physical phenomena related to the quantities
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Figure 2-1: Experimental results for the ZT of state-of-the-art thermoelectric mate-

rials as a function of temperature of operation.[18]

to be modeled. Yet, at the same time, the model should be simple enough to provide
insightful results and relationships (and not merely lists of numbers) and should have
a low computational cost. For example, models for Z in 3-dimensional semiconduc-
tors have been established, providing guidelines for the fabrication of efficient bulk

thermoelectric (TE) materials.[17)

72=22 ZT=2ZxT . (2.1)

I

This chapter presents the model developed to calculate the dimensionless ther-
moelectric figure of merit, ZT = Z x T, of isolated nanowires of cylindrical shape.
The model is based on the effective mass approximation[19], which simplifies the
calculations by considering only the electronic states in the Brillouin zone near the
conduction- and valence-band extrema (a.k.a. the electron and hole pockets). In
semiconductors and semimetals, these states dominate the transport. The exact de-
tails of the electronic dispersion relation E(k) are ignored, and a parabolic band

structure is assumed near the energy minima/maxima. This allows us to describe the
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carrier pocket by only one quantity: the carrier effective mass tensor.

The model is demonstrated here in relation to the calculation of the ZT of
Bi,_.Sb, nanowires. As shown in Fig.2-1[18], Bi-Sb alloys are of particular inter-
est for thermoelectricity in the 70-100 K temperature range, where bulk Bi-Sb alloys
are the material of choice due to their relatively high ZT =~ 0.5. The figure also
indicates one of the limitations in using bulk TE materials: For several decades, the
highest ZT values obtained experimentally have an upper bound of ZT' ~ 1. Further
increase of ZT is limited by constraining physical relations between o, 5, and x,
such as the Wiedemann-Iranz law.[20, 21] Low-dimensional structures, in which the
constraining relations between o, S and x are altered, can offer a way to improve
the ZT compared to bulk materials. Thus, it is of practical interest to model the
transport properties of Bi,_,Sb, nanowires and to determine whether they will be
advantageous for thermoelectric applications.

The calculations involve the following steps, which will be described in detail in

this chapter:

1. The wire diameter, the alloy composition, and the temperature of the investi-
gation are chosen. The wire longitudinal axis orientation is defined in terms of

the crystallographic axes of the Bi-Sb alloy system.
2. The electron- and hole-pocket mass tensors are determined from bulk values.

3. For each carrier pocket, a two-dimensional Schrédinger equation is constructed
and numerically solved to obtain a set of eigen-energies, corresponding to the

subband edge energies.
4. The carrier density is chosen.

5. The electrical conductivity (o), the Seebeck coefficient (S) and the electronic-
contribution to the thermal conductivity are calculated based on the expressions
derived from the Boltzmann transport equations, considering the collective con-

tribution of the subbands.
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Table 2.1: Crystal parameters for the unit cell of bismuth and antimony.

rhombohedral cell[24] | hexagonal cell[25]
t (A) « a (A) ¢ (A)
antimony | 4.5066 57°6 4.307 | 11.273
bismuth | 4.7459 57°14 4547 | 11.8616

6. The lattice contribution to the thermal conductivity is estimated, considering

the bulk thermal conductivity and diameter-dependent surface-scattering.
7. The Z is calculated in accordance with equation 2.1, and ZT = Z + T.

These steps can be repeated to obtain the dependence of ZT on composition, crys-
tallographic orientation, temperature, and carrier concentration, and eventually the

conditions are optimized to maximize Z7T'.

2.2 The Crystal Structure and the Electronic Band
Structure of Bismuth-Antimony Alloys

Bismuth, antimony, and their alloys crystallize in rhombohedral structures (space
group R3m)[22] with two atoms per unit cell, as shown in Fig. 2-2. This structure can
be described also as two inter-penetrating fc¢c¢ sub-lattices displaced from each other
along the trigonal axis, and distorted by stretching along the same axis. The unit
cell dimensions are given in table 2.1. The structure defines a Cartesian coordinate
system, with the z-axis along the C3 symmetry axis (the trigonal axis), the z-axis
along on of the C; axes (the binary axis), and the y-axis perpendicular to the previous
two (the bisectrix axis). Due to the 3-fold symmetry of the distortion axis, it is also
common to describe the crystal as a hexagonal lattice, with ¢ along the trigonal axis,
and a along the binary axes.

The lattice parameters of the Bi; ,Sb, alloys change monotonically with compo-

sition[26,27). However, in terms of the hexagonal cell, only a changes linearly with
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composition (Vegard’s law), while the change of ¢ deviates from the Vegard's law

prediction.

The Brillouin zone of Bi-Sb alloys is depicted in Fig. 2-3. As a result of the
trigonal distortion (stretch) of the unit cell in real space, the Brillouin zone in crys-
tal momentum space is compressed along k., removing the 4-fold degeneracy of the
L-point, and generating an energy splitting between the T-point (located at the in-
tersection between the Brillouin zone edge and the k. axis) and the 3 degenerate
L-points (at the center of the other hexagonal faces of the Brillouin zone).[28] In the
Bi;_,Sb, alloy system, the conduction band extrema (a.k.a. the electron pockets)
are at the L-points, while the valence band extrema (a.k.a. the hole pockets) can be
located at the L-points, the T-point, the H-points, or several of the above, depend-
ing on the alloy composition.[27,29] Fig. 2-4 illustrates how the composition of the
Bi;_,Sb, alloy affects the band structure[30}: For 0 < z < 0.07 there is an energy
overlap between the T-point valence band pocket and the conduction band, and the
material is a semimetal resembling pure Bi. For z > 0.22 there is an overlap between
the H-point valence band pockets and the conduction band, and the material is a
semimetal resembling pure Sb. In the interesting composition range 0.07 < z < 0.22,
there is an energy gap between the conduction band extrema and the valence band
extrema (which shift locations with composition) and the material is a narrow-gap

semiconductor.

Numerous experiments were carried out to map the energy gap or the energy
overlap of Bij_ySb; alloys, mostly in the Bi-rich regime.[27,29, 30, 34-40] A compi-
lation of these data led us to propose the following empirical relations between the

composition (z) and the relative energies of the L-, T- and H-point extrema:

ET,h(-T) = 455—-551.6=*x (22)
EH’h(IL') = —101.36 + 525.8 x x (23)
1484.4 % (z — 0.042)2 — 155.75 * (z — 0.042)| (z < 0.17)
Epe(z) = (2.4)
12.0 +458 % x (z > 0.17)
ELJL(.’E) = —EL‘e(CL') y (25)
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where the energies are given with respect to the L-point mid-gap energy, and the

subscripts (h) and (e) correspond to hole and electron pockets, respectively.

Bismuth-antimony alloys have been studied extensively as potential thermoelectric
materials, since relatively large ZT values can be obtained in the 70-100 K temper-
ature range(39,41], as shown in Fig. 2-1. Improvement on these results could be
achieved by the fabrication of nanostructures out of these materials. It has been
proposed that the ZT of thin films and nanowires can reach higher values than
that of macroscopic samples of the same material, due to the modification of the
carrier density-of-states profile and the enhancement of surface effects in one- or
two-dimensional systems.[10,42] In particular, enhancement in ZT was predicted in
bismuth nanowires, due to the additional effect of a quantum-confinement induced
semimetal-to-semiconductor transition.[16, 43| Since the ZT in bulk bismuth samples
can be improved by alloying with antimony, and the bismuth-antimony alloy system
has a very rich and more interesting electronic band-structure (see Fig. 2-4), it is
of great interest to study the effect of quantum confinement in nanowire systems of
bismuth-antimony alloys, and to understand the effect of the nanowire diameter and
composition on its transport properties.

In the next two sections, a method for modeling the changes in the band structure
of Bij_,Sb, alloys as a result of quantum confinement, imposed by the nanowire

structure, will be developed.

2.3 Solution of the Schrodinger Equation for a
Bi;_,Sb, Nanowire: Infinite Cylindrical Well
Boundary Conditions and Anisotropic Mass

Tensors

For illustration purposes, a simplified version of the problem will be presented first.

Consider a particle confined in a cylindrical volume by a potential of the form:
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Virgz)={ ° ET i T”; (2.6)

Since the wavefunction of the particle is restricted in directions normal to the

cylinder axis by the boundary condition
\I,(T > To, d)a Z) =0 : (27)

the confinement causes the energies associated with the transverse motion of the

particle to be quantized, and the lowest energy level is approximated by

w2h?
* a2 ?
t70

AFE = Eop ~ (28)

where m; is the transverse effective mass of the particle. Since the potential is uniform
along the wire axis, the particle motion is free along the longitudinal direction and
will be characterized by a one-dimensional dispersion relation

Rk,
2m;

Enm(k) = €nm + (2.9)

where €,,, represents the quantized (transverse) energy labeled by two quantum num-
bers (n,m), while &; is the wavenumber of the particle wavefunction traveling along
the wire axis, and m; is the longitudinal effective mass of the particle. Thus, this sim-
ple model shows that a two-dimensional confinement of the wavefunction of a particle
results in the formation of one-dimensional subbands in k-space (see Fig. 2-5). The
energy displacement of each subband, E,,,(0) = ,,,, is a manifestation of the quan-
tization of the transverse motion, and therefore a function of the transverse effective
mass and the cross-section geometry of the confining volume. The k;-dependence of
each subband is a function of the effective mass along the non-confined dimension.
In the case of Bi,_,Sb, nanowires, the particle is replaced by an electron wavepacket
in the nanowire, and the potential V is replaced by the potential of the lattice and
the other electrons, which is periodic within the nanowire and infinite outside of the
nanowire (i.e. the insulating environment). The effective mass theorem[19] can be

used to simplify the treatment of the real system into a tractable problem, similar
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Figure 2-5: Schematic diagram of a one-dimensional subband structure of a carrier
pocket in k-space (a) for a parabolic dispersion relation (constant effective mass),
and (b) including non-parabolic effects, such as in the case of the L-point pockets of
bismuth (see Sect. 2.4). €q0 and 1o denote the two lowest transverse quantization

energies.

to the one mentioned above: Given the band structure of the material of interest,
the dispersion relation near energy extremum points in the Brillouin zone (carrier

pockets) can be expanded as

E(k) = Ey + %2(k — ko) - ap- (k—ko) (2.10)

where hkq and Fy are the band edge crystal-momentum and energy, respectively, and
O is the inverse of the effective mass tensor, M,
my Mz T3
ap ' =M= | my myp m : (2.11)
Mz i3z N33
The subscripts of the tensor components (1,2,3) correspond to the Cartesian axes
of the rhombohedral Bi;_,Sb, crystal (z,y,2) as described in Sect. 2.2, or to the
Cartesian coordinate system associated with the nanowire transverse (z',y') and lon-
gitudinal (z') dimensions. When the distinction between the coordinate systems is

important, it will be clearly stated in the text to follow.
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The effective mass theorem states that the envelope function of an electron wave-
packet centered at kg, W, (r), observes the Schrédinger equation obtained by replacing
k in Eq. 2.10 with (ky — V),

B2
EVy,(r) = —?V s+ VU, (r) (2.12)
with the boundary conditions

U (r>Wy_o (2.13)

where dy is the nanowire diameter. For simplicity, I will neglect the subscripts in
the following discussion.

The physical interpretation of the effective mass tensor M (and its inverse a)
requires it to be symmetric, that is m;; = my; and a;; = ;. Furthermore, since the
nanowire system has cylindrical symmetry, all the physical quantities are invariant
under rotation about the wire axis 2’. Therefore, using the nanowire coordinate
system, with an appropriate rotation about the z' axis, we can always make the
matrix elements oy = ag; = 0. Physically, the effect of this particular rotation is
equivalent to choosing a proper set of =’ and 3’ axes so that the ellipse, obtained by
projecting Fermi surface ellipsoid onto the z’-y’ plane, will have its major axis parallel

to the z’ or ' axes. With a2 = ag; = 0, the Schrodinger equation can be rewritten

as
e[ O N P 49 5w 9 0*w N AN Ev
2 \ Mgy T dy'* N3 Gpgn T OB Oy’ 0z g )
(2.14)
A solution of Eq. 2.14 has the general form:
U = u(z’, y') exp(ikyx') exp(ikyy') - exp(iky2') . (2.15)

Substituting Eq. (2.15) into Eq. (2.14), we can decouple the terms involving deriva-

tives of u(z’,y') from terms containing k., by setting
ky = _(al‘a/all)kz’ and ’fy' = —(&23/0111)1%}' ) (2-16)
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which simplifies Eq. 2.14 into a second-order differential equation in two variables
h,2 82 4 82 E hzkgl o3 13
—— |« o u= — g3 — — — — || u
2 R 2 oy'? 2 By an

The expression in parenthesis on the right hand side of the equation is equal to

(2.17)

(ms3)™!, as can be shown from the relation a = ML

The above formalism leads to the conclusion that the dispersion relation of electron

wavepackets in a cylindrical nanowire can be expressed as:
27.2
Rk

2m33

E(k) = Epn(ks) = €nm + , (2.18)

(Eq. 2.18 being the equivalent of Eq. 2.9 in the simplified model shown earlier) where

£.m are the eigen-values of the eigen-value problem
h? ? a2

= (agx—z ; azgw) = (2.19)
with the boundary condition u(r > dTW) = (. The electron pocket parameters a1, (a2
and mgz are the components of the effective mass tensor and its inverse given in the
coordinate system of the nanowire (z’,y’,z") and rotated so that a;2=0.
The variable k. is interpreted from FEq. 2.18 as the wavenumber of the traveling
wavepacket in the non-confined (longitudinal) direction.

It should be pointed out that the eigen-value problem of Eq. 2.19 can be solved
analytically only for the case a;1 = aag, that is for materials with transverse isotropic
effective masses. Since bismuth and antimony have very anisotropic Fermi surfaces,
for most of the carrier pockets in Bi; Sb, alloy nanowires, this condition does not

apply. Thus, solutions for the eigen-values €,, in Eq. 2.19 were obtained using a

MATLAB code based on a numerical method developed by Dr. Y.-M. Lin.{13]

2.4 Modeling the One-Dimensional Dispersion Re-
lation of Bi;_,Sb, Alloy Nanowires

In the previous section (Sect. 2.3) we described the formalism to obtain the dispersion

relation E(k) of a crystalline material shaped into a nanowire. The formalism utilizes
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the known dispersion relation of the carrier pockets in the crystalline material in bulk
form. In this section, we will describe the information available for bulk Bi,_,Sh,
alloys that is used in the model, and the results obtained for the dispersion relation
of Bi,_,Sb, alloy nanowires of various nanowire diameters (dw ) and compositions

(described by the antimony mole fraction ).

As mentioned in Sect. 2.2, bismuth and antimony are semimetals in bulk form,
while Bi;_,Sb, alloys may be semimetals or semiconductors depending on their com-
position. This was illustrated in Fig. 2-4, which schematically shows the shift of
the energy of the Brillouin zone high-symmetry points as a function of composition,
and parametrized in Eqs. 2.2-2.5. In bulk Bi,_,Sb, alloys, the valence-band edges
are located at the T-point, the 3-fold degenerate L-point, or the 6-fold degenerate
H-point (see Fig. 2-3 for the location of these points in the Brillouin zone) depending
on composition, while the conduction band edges are located at the L-points for all
compositions. Each band edge gives rise to a carrier pocket with a particular effective-
mass tensor. In the nanowire model, each carrier pocket will yield a one-dimensional
dispersion relation F,.,(k.) representing its splitting into subbands. The total one-
dimensional dispersion relation of the Bi;_,Sb, alloy nanowire will be the sum of the
individual carrier pocket dispersion relations, shifted in energy with respect to each

other by the composition-dependent bulk band edge energies.

The effective mass tensor of the T-, I- and H-point pockets in Bi,_.Sb, alloys
are expected to display temperature and composition dependence, since the crystal
structure is a function of these two parameters. In the following study, we have focused
on the modeling of the nanowire dispersion relations and the nanowire transport
properties at 77 K. The motivation for choosing this particular temperature is that the
thermoelectric performance of Bi;_,Sb, alloys is optimal in the range 70-100 K, and is
the highest among all examined materials in this temperature range.[18] In addition,
the electronic band structure of bismuth has a strong temperature dependence above
80K, but is relatively unchanged in the range 4-80 K, and there is more reliable
data available about the band structure of Bi;_,Sb, alloys in this low-temperature

range.[44,45] The composition range studied was in the bismuth-rich regime of 0 <
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Table 2.2: The effective mass tensor components for bulk Bi;_,Sb, alloysat T" < 77K.

Parameters Notation Value Reference

L-point carrier effective | myg, 0.00119 my
mass tensor components | my, 0.263my
at the band edge Mz 0.00516 g | [47]
(bulk bismuth, z=0)" My 0.0274 my
T-point hole effective Myr 0.059 my
mass tensor components | m,, 0.059mg | [48]
at the band edge Myy 0.634 my
H-point hole effective Mg 0.068 my
Mass tensor COMpONENts | My, 0.63myg | [49]
at the band edge ™, 0.34 g

Myz 0.41 my

& For other values of z, the mass tensor is modified to account for the dependence
of the non-parabolicity of the band structure at the L-point on the bandgap energy,
Eyr.

z < 0.3, again, where the most prominent thermoelectric behavior is observed in
the bulk.[39, 46] The effective mass tensors from bulk elemental bismuth[47, 48] were
used for the T-point and L-point carrier pockets, and for the H-point hole pockets the
parameters from bulk elemental antimony were used.[49] The effect of composition
on the effective mass was only introduced through the non-parabolic effects in the
L-point dispersion relation (see below). It was found that this model approximated
satisfactorily the experimental data of carrier effective masses in the alloys, which are
scarcely available in the literature.[36, 38,50-52] The effective mass tensor elements
used in the calculations are given in Table 2.2 in the crystal coordinate system. The

mass tensor components that are equal to zero were not included in the table.

At the L-point of the Brillouin zone of bismuth and bismuth-rich Bi,_,Sb, alloys,

there is a small direct bandgap between the conduction band and the valence band
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(Ey = 13.6 meV in Bi at 4K). The strong coupling between the bands results in a

non-parabolic dispersion relation around the L-point given by|[28]

nk? E, 2 \? R2
(k) = + 29 (=) S (k—ky) p?-(k—k
EL( ) 2myg 2 +(E9L) mg( L) p ( L)

(2.20)

for electrons (+ sign) and for holes (— sign), where E,z, is the direct bandgap at the
L-point, ky, is the wavevector of the L-point, and p? is a momentum operator coupling
term between the L-point wavefunctions p? =< ¥ |p|¥.; >< V,r|p|¥.r >. This
dispersion relation is derived by the 2-band non-degenerate k - p perturbation theory,
also known as the 2-band Lax model.[53] While p? is difficult to calculate, we can
derive a relation between the band edge inverse effective mass and the direct bandgap
from the second derivative of the dispersion relation with respect to k — kg :

0 PEL(K) 1 12,
— S Iy gy — 2 2.2
Qedge h2 6(1( — kL)2 Mo I+ m% EgL P ’ ( 1)

where I is the identity matrix.

Since the inverse effective mass tensor and the direct bandgap at the L-point of
bulk bismuth are known (Table 2.2 and Eq. 2.4-2.5), we can use Eq. 2.21 to derive the
inverse effective mass tensor at the L-point of bulk Bi;_,Sb, given the direct bandgap

at that composition

| E, 1 (Bi) ! Eq1(Bi)
edoe B _.:,_-Sbl- — 9 e B — (1= g -1
Qledg ( 11 ) EgL(Bil_ISba:) « dge( 7:) + e ( EgL(Bil_bex)
(2.22)

Once the subband edge energies £, were calculated according to Eq. 2.19 using the
band edge effective mass tensor components from Eq. 2.22, these energies neced to
be corrected to account for the non-parabolic effect away from the band edge. The
correction is performed by finding the (k — kg ) value that would correspond to each
subband energy in a parabolic potential, and plugging it back into Eq. 2.20 to obtain
the potential energy at that point in the non-parabolic potential. This procedure

results in corrected subband energies given by

E,
Enm(non — parabolic) = —2& ( 1+ Aeam _ 1) : (2.23)
2 B,y
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Figure 2-6: Calculated density-of-states profile of a bismuth nanowire (solid line) and

bulk bismuth (dashed line) as a function of energy.[13]

The non-parabolic correction to the longitudinal effective mass component of the
subband m%" is calculated by substituting the corrected subband direct gap (the
bulk direct bandgap plus twice the corrected quantization energy) for £, (Bt _z.5bs)
in Eq. 2.22. The non-parabolicity of the dispersion relation of the subbands will be
ignored during the calculation of the transport properties. Therefore, the subband
energy offsets z,,, and the longitudinal effective mass components m;i
are sufficient to describe the nanowire electronic dispersion relation by
this model (Eq. 2.18). The electronic density-of-states can be calculated from the
dispersion relation. An example calculation of the density-of-states in a bismuth
nanowire and in bulk bismuth is presented in Fig. 2-6. The calculation clearly shows
the transition from a slowly varying density-of-states function in bulk (D.0.S. ~
(E — Eedge)%), to a function composed of a set of spikes originating from the one-
(B~ E}p)7%).

dimensional subbands in the nanowire (D.0.S. = >

i,n,m

Note that under the assumptions of the model, the carrier pockets with parabolic
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dispersion relations (the T- and H-point hole pockets) give rise to subband sets with
a common effective mass value, while carrier pockets with non-parabolic dispersion
relations give rise to subband sets in which the effective mass increases with the

subband quantization energy &, (see Fig. 2-5).

2.5 The Electronic Phase Diagram of Bi,_,Sb,

Alloy Nanowires

The model described in the previous section was used to calculate the dispersion re-
lation of the electronic subbands of Bi,_,.Sb, nanowires of different wire diameters
dw and alloy compositions (described by the antimony mole fraction z). The calcu-
lation dealt with the composition range 0 < z < 0.30. This range of Bi,_,;Sbh, alloy
compositions includes the thermoclectrics best bulk BigssSbys alloys (Z7'=0.52 at
80K), and is the most interesting in terms of the number of carrier pockets involved
in determining the transport properties and their relative energies (see Fig. 2-4). The
range of wire diameters was chosen as 10 nm < dy, < 100 nm. The upper limit results
from the critical diameter for the transition from a one-dimensional system to a three-
dimensional system, as the quantization energies become smaller than the thermal
energy, and the carrier mean-free path becomes much smaller than the wire diameter.
At larger wire diameters, the discretization of the band structure into subbands is not
justified. The lower limit of the nanowire diameter is related to changes in the crystal
structure of Bi,_,Sb, as the nanowire diameter decreases. The fraction of nanowire
atoms found on the nanowire surface has a dy ' dependence on the nanowire diame-
ter. As we approach the atomic limit of the nanowire diameter, more and more atoms
find themselves on the nanowire surface, with a lower number of neighboring atoms
compared to atoms in the bulk. Thus, the potential they experience is different from
that in the bulk, and a structural rearrangement is expected. In this case, our model
is not valid since it is based on the conservation of the bulk crystal and electronic

band structure in the nanowires. [In practice, the diameter can be as narrow as two



Bi atoms for bismuth lines self-organized on single crystal silicon surfaces.|[54]] The
trigonal axis (z) of the crystal structure of Bi;_;5b; was chosen as the main nanowire
axis (2'). This orientation exhibits slightly stronger quantum confinement effects in
Bi nanowires[16], exhibits the highest ZT in single crystal bulk Bi-Sb alloys[39], and

its high symmetry reduces the computational cost.

From the dispersion relation of the Bi; ,Sb, nanowires, we tracked the energy
shifts of the (highest subband) valence band and (lowest subband) conduction band
edges as a function of nanowire diameter and composition. The relative position of
the band edges determine whether the band structure of the nanowire is semimetallic
or that of a semiconductor. Figure 2-7 depicts the rich variety of electronic band
structures predicted for the Bi;_,Sb, nanowire system as a function of wire diameter
and antimony mole fraction. We identified five sections (or “phases”) in the (dw,z)
parameter-space, corresponding to the five electronic structures of Bi; ;Sb, bulk
alloys (Fig. 2-4). The semimetal and the indirect semiconductor states in the low
antimony content region (z < 0.13) have the highest valence band extremum at the
T-point, while those states at the higher antimony content region (z > 0.13) have
their H-point hole pockets at the highest energy. Along the solid lines in this “phase
diagram”, the extrema of the first subband of carrier pockets at two different points
in the Brillouin zone coalesce in energy. The bold arrow in the center of the diagram
points to a particularly interesting situation: At dw=60 nm and z=0.13, the extrema
of all 10 hole pockets coalesce in energy. This results in a high density-of-states for
holes, which is beneficial for increasing the magnitude of the Seebeck coefficient 1n

p-type samples (see Sect. 2.6).

The solid arc at the top-left corner of Fig. 2-7 identifies the boundary between
semimetallic and semiconducting phases. Going across this boundary, the highest
T-point hole subband edge passes across the lowest L-point electron subband edge.
a phenomena referred to as the semimetal-to-semiconductor transition.[15,55] The
diagram predicts that the critical diameter at which the semimetal-to-semiconductor
transition occurs shifts to larger diameter values as Sb is added to pure Bi. The

transition to a narrow-gap semiconductor benefits the thermoelectric behavior, since
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in the semimetallic phase, carriers of opposite signs make canceling contributions to
the Seebeck coeficient. It is therefore expected that the increase of Z7T values due to
quantum confinement in nanowires will be observed at larger diameters in Bi;_,Sb,

nanowires when compared to Bi nanowires.

The “phase-diagram” in Fig 2-7 reveals one more significant difference between
small-diameter nanowires and large-diameter nanowires (and bulk): The direct-
bandgap phase, which exists in the bulk for alloys with 9% to 17% Sb, is reduced
to a narrower range in the nanowires and ceases to exist for dy < 60 nm. The
direct-bandgap phase corresponds to the highest population of L-point holes, which
have the highest mobilities, and therefore the best thermoelectric characteristics. The
vanishing of the direct-bandgap semiconductor phase at small diameters indicates that
in p-type Bi;_;Sb, nanowires there are competing effects modifying the ZT as the
nanowire diameter decreases: The Z7 gains from the high density of states obtained
from the reduction to a one-dimensional system, and it suffers from the depletion of

the high-mobility low-mass holes at the L-points.

The optical properties of nanowires are of great interest, since sharp optical tran-
sitions and high quantum efficiency are expccted from their characteristic density-of-
states profile consisting of sharp singularities.[57] It is therefore interesting to note,
that the direct bandgap in Bi,_,Sb, nanowires is strongly dependent on the nanowire
diameter, but it is almost independent of composition, as shown in Fig. 2-8. This is
in contrast with the direct bandgap dependence on composition observed in the bulk
(Fig. 2-4). It is, however, easy to realize that as the bulk bandgap decreases, the non-
parabolic effect becomes more pronounced (Eq. 2.20). The effective mass components
decrease (Eq. 2.21) due to the coupling between the bands, leading to a higher quan-
tization energy, which counteracts the change in the bulk bandgap. This note is valid
for the semiconducting nanowires only, as the L-point electron pocket in semimetallic
nanowires is expected to be heavily populated, shifting the absorption edge to higher
frequencies. TFig. 2-8 also indicates that the direct bandgap may be large for small
diameter nanowires (for example, E,; > 200 meV for dy < 20 nm). The 2-band

Lax model used in the calculation assumes, that E,; is much smaller than the energy
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Figure 2-7: Phase diagram of the electronic band structure of Bi;_,Sb, nanowires.

The bold arrow in the center points at the condition where the 10 hole pockets (about

the T-point, the 3 L-points and the 6 H-points in the Brillouin zone) coalesce in energy.

The locations of these points in the Brillouin zone are shown in the inset.[56]
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Figure 2-8: Contour plot of the direct bandgap energy at the L-point of Bi;_,Sb,
nanowires as a function of nanowire diameter and composition. Values shown are in

meV's.

difference between the two coupled states and other electronic states at the L-point
of the Brillouin zone. The calculated values of E,; are smaller than the first excited
state energies calculated for bismuth (1100 meV according to Golin[58], or 870 meV
according to Rose and Schuchardt[59]) and for antimony (430 meV according to Rose
and Schuchardt[59], 250 meV according to Liu and Allen[60], or 435 meV according
to Falicov and Lin[33)]), thus confirming the validity of the 2-band approximation, as

it was used.
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2.6 The Calculated Thermoelectric Properties of
Bi;_,Sb, Nanowires

Given the electronic band structure of the Bi;_;Sb, alloy nanowires as a function of
wire diameter dy and antimony mole fraction z, the electrical conductivity (o), the
Seebeck coefficient (S) and the electronic contribution to the thermal conductivity
(ker) were calculated using the semi-classical Boltzmann equations of motion within
the constant relaxation time approximation.[61]

In the semi-classical picture, the motion of an electron in (7, k) space is described

by the equations:

dr 1dE(K)  hk
ar _ (k) = 2eE\E) PR 24
i - "W T w (224)
dk

ha = Femternalfz‘eld - qE . (225)

For the flow of charged carriers in a one dimensional system, the electric current

density and thermal current densities are given by:

j = —e/%v(lﬂ)g(k) (2.26)
N CCRLECED (2.27)

where g(k) is the non-equilibrium distribution function, and £ is the chemical poten-
tial. Using the constant relaxation time approximation, and under a small perturba-

tion from the equilibrium distribution, g(k) has the form[61]

g(k) = ¢°(k) + 7 (—:—g) v(k) [—eE + % (—VT) (2.28)

where ¢g°(k) and f(E) are the equilibrium and the Fermi-Dirac distribution functions,
respectively, 7 is the relaxation time, and T is the temperature. Plugging Eq. 2.28

into Eqs. 2.26-2.27, we obtain the current densities as a function of the electric field

and the thermal gradient in the wire

1
= LOE _ — 1 W(—_vyT 2.29
J T ( ) (2.29)

1 1
o _ 1 _ 1.2 (_gT 2.30
T eL E+62T (=VT) (2.30)
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with the “L-integrals”

L) 2627‘-/% _ 4 v{kyu(k)(FE(k) — €)* . (2.31)
s dE
The quantities o, S, and k. are derived from their definitions:
c = j-E Y yroo=L0 (2.32)
O 1 L
) B 1 (L(l))Q
ke = Jgr (=VT) =0 = 7 (L(Q) Mg (2.34)

and ZT is evaluated by Eq. 2.1. When evaluating the “L-integrals”, E(k) is given by
Eq. 2.18, £ is set equal to the Fermi energy Er, v(k) is given by Eq. 2.24, and 7 is

obtained from the mobility and the effective mass according to

o
T =

- (2.35)

The experimental values for the mobilities of the - and T-point carriers in bulk bis-
muth and of the H-point pocket carriers in bulk antimony were used. The mobilities
in the alloys have been determined experimentally only for a number of Bi-rich com-
positions, and the results are found to be sensitive to the sample quality.[34, 36,62]
From a theoretical standpoint, the effect of alloying on the mobility is hard to predict,
since both the scattering time and the effective mass of the carriers will be affected.
Therefore, regretfully, the composition dependence of the mobility had to be ignored.
The lattice contribution to the thermal conductivity, needed to evaluate ZT, was
obtained, in accordance with Matthiesen’s law, by fitting experimental results[39, 63]
to the formula n;hl = ky' + k7 'z, where Ky and &, are constants. This fit is appropri-
ate up to « ~ 0.25. Beyond this composition the experimental value of the thermal
conductivity increases with Sb concentration. An additional constraint was imposed
on the thermal conductivity, by setting its upper limit so that the effective phonon
mean free path will not exceed the nanowire diameter.

The ZT dependence of the position of the Fermi level in the nanowires shows one
maximum at carrier concentrations that correspond to an excess of negative carriers

(denoted by ZT, ,») and one or two maxima at carrier concentrations corresponding
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Figure 2-9: ZT versus Fermi energy position in a Bi (left) and a BiggSbgy (right)
nanowire of diameter of 40 nm. The vertical dashed lines indicate the positions of the
extrema of the various carrier pockets. The subscripts e’ and 'h’ indicate electrons

and holes respectively. The minor ticks in the z-axis are spaced in intervals of 50 meV.

to an excess of holes (the highest among them denoted by ZT, ). The maxima
normally occur when the Fermi level is in the vicinity of the band edge of the first
subband originating from one of the carrier pockets at the L-, T-, or H-points of the
Brillouin zone. An example of the variation of Z7T with Fermi energy position is
shown in Fig. 2-9 for a Bi and a BiggSbg 2 nanowire 40 nm in diameter. The strong
variation of ZT emphasizes the need to carefully control the doping of the nanowire
to position the Fermi energy at its optimal position for thermoelectric performance.
It also demonstrates the need to have a large density of states at the conduction- and
valence-band edges, an effect that is achieved by low dimensionality, and by a high

degeneracy of the carrier pockets.

The values of ZT, o and Z7T, o were calculated at 323 non-uniformly spaced
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Figure 2-10: Contour plot of the optimal Z7T values for p-type Bi;_,;Sb, nanowires vs.
wire diameter and antimony concentration. The contour lines were generated using

MATLAB from a grid of 323 non-uniformly spaced point calculations.[56]

points in the (dw,x) space in the range of interest. From these results, two contour
plots were constructed, shown in Figs. 2-10 2-11, estimating the “equi-Z7T” lines (i.e.
contours of constant ZT values in the (dw,r) space). The results for the n-type

nanowires (Fig. 2-11) will be discussed first, and the discussion on the p-type systems
(Fig. 2-10) will follow.

The contour plot of ZT;, o for Bi;_,Sb, in Fig. 2-11 reflects the trends previously
observed in the bismuth nanowire system.[16] In particular, the value of ZT}, ., in-
creases as the wire diameter decreases, for all values of z. As the content of Sb is
increased at constant dw, Z7T, ,,; increases until a certain optimal value of z (depen-
dent on dw ) at which a maximum is reached. The dependence on dy is explained by

two main factors: (i) The change in the density of states and (ii) the semimetal-to-
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Figure 2-11: Contour plot of the optimal ZT values for n-type Bi;_;Sb, nanowires
vs. wire diameter and antimony concentration. The contour lines were generated
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semiconductor transition as the system is reduced from bulk form (three-dimensional)
to a nanowire form (one-dimensional). The first refers to the evolution of the elec-
tronic structure into one consisting of sets of subbands in the nanowire electronic
band structure. The diverging density of states at the extrema of a subband leads to
high values of S and of Z7T. The second factor is unique to the semimetals, in which
the spatial confinement of carriers in the nanowire shifts the edges of the valence- and
conduction-bands to lower and higher energies, respectively. These shifts effectively
induce a semimetal-to-semiconductor transition, as the band overlap is eliminated
and an energy gap is formed.[15,55] This was shown before in the context of the
“phase diagram” of Bi;_,Sb, nanowires (See Sect. 2.5). In the semimetallic state,
both electrons and holes coexist, and their contributions to the Seebeck coefficient
have opposite signs, due to the term F(k) — ¢ in L. In the semimetallic state, the
undesirable contribution of the minority carriers that lowers the magnitude of the
Seebeck coefficient is further reduced by the proper positioning of the Fermi level.
The dependence of ZT, ., on z follows the same trend as in the bulk alloy, and is
a consequence of two additional factors: (i) Bulk Bi,_,Sb, is semiconducting in the
range about 0.07 < z < 0.22, with a maximum band gap at z = 0.17, and displays
its best Tk performance in this range.[30, 39, 41| (ii) The large mass difference be-
tween the atomic components of the Bi;_,Sb, alloy gives rise to efficient scattering
of phonons, thereby lowering k,, with increasing antimony content, while the carrier

mobilities only slightly decrease as long as # < 0.10.

While mostly complying with these trends, the contour plot of ZT), ., for p-type
Bi;_;Sb, nanowires in Fig. 2-10 shows a significant deviation relative to 2T opt: 8
local maximum is found in the range 0.13 < z < 0.14 and 35 nm < dy < 45 nm,
with a predicted ZT), , value higher than 1.2 at 77 K. As seen in the plot, such high
values of ZT' in p-type materials are not expected for any other p-type Bi,_,Sh, alloy
at wire diameters above 10 nm, and are significantly higher than the bulk values.
Unexpectedly, ZT, o, does not increase monotonically with the reduction of the wire
diameter. To understand the source of this unprecedented enhancement in 2Ty opts

one should go back and reexamine the electronic band structure of the Bi;_,Sb,
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nanowire system as depicted in Fig. 2-7. As was previously mentioned, the optimal
ZT values are obtained when the Fermi energy is near a subband extremum. In the
case of p-type nanowires, this is a hole subband extremum (Fig. 2-9). Of interest
are the highest valence subband extrema, which occur at the three L-points, one
T-point and six H-points of the Brillouin zone. It is in the vicinity of the point in
the phase diagram where the merging of the edges of the 10 hole pockets occurs
that the enhancement in ZT), ,, is observed. Furthermore, the region of high ZT, ;s
seems to follow the boundary between the two indirect semiconductor phases, along
which the H-point and the T-point pocket edges have comparable energies. It is
this degeneracy that leads to an increased density of states near the Fermi energy
for valence band carriers in p-type Bi; ,Sb, nanowires, which in turn is manifested
by the exceptionally high enhancement of ZT, , found in our calculations. This
degeneracy is absent in the conduction band of this material system, and thus no
maxima in Z7T, o is expected. Another factor contributing to the appearance of the
maximum in Z7T}, ., is the relative weight of the high mobility L-point holes in the
total carrier concentration (ny/n). The ZT of n-type Bi,_;Sby, for which only L-point
electron carriers exist, is higher than that of p-type Bi, ;Sb, where additional carrier
pockets contribute to transport. Thus, the contribution of the L-pocket carriers to the
enhancement of Z7T is the most beneficial. The percentage of the holes contributed by
the L-point subbands was calculated, and a contour plot of these values at optimal
ZT, was constructed (see Fig. 2-12). In the studied region, at the conditions for
optimal ZT,, the calculations suggest that the partial population of the L-point holes
reaches a maximum of 28% for BiggaSbo 12 with dy=100 nm. It drops to 7% of the
hole population as the antimony mole fraction increases to 0.165 or the wire diameter
decreases to 15 nm. The depletion of the L-point hole population with increasing z
for z > 0.12 is in agreement with the observation that, for a given wire diameter, the
peak in ZT, o occurs at lower concentrations of antimony than the peak in Z7T, !
In the p-type systems, the benefit of alloying is countered by the increase in the
population of non-L-point holes. The existence of the local maximum in ZTp g, and

the fact that the maximum does not appear at the same diameter and composition
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as the 10 hole subbands alignment, are therefore explained as an interplay between
the lower population in the L-point hole pockets and a higher subband edge density-
of-states, as we decrease the diameter of the Bi;_,Sb, nanowires. The fact that the
direct bandgap phase ceases to exist below the wire diameter of 60 nm undermines the
effort to make use of the quantum confinement effects for thermoelectricity at small
diameter p-type nanowires. The general understanding of thermoelectricity in low-
dimensional systems gave rise to the notion that Z7T values monotonically increase
with the reduction of size of the confined dimension. This is the first example of a

system, in which this principle does not hold.

2.7 Limitations of the Model

Several assumptions were made to simplify our modeling of the Bi; ,Sb, alloy system
to a tractable problem, preserving the important physical aspects of the system. The
main weakness of the model comes from the lack of information regarding the mo-
bilities of the different carriers as a function of alloy composition. The experiments
necessary to obtain such information are challenging with regards to the sample prepa-
ration. Contradictory results from bulk samples suggesting either the conservation or
the strong decrease of mobility upon alloying bismuth with antimony can be found.
The extension of these studies to nanowire system will be necessary as well, as we
predict changes in the energies of the band edges, and in the dispersion relations in
general. Such changes are bound to affect the scattering probabilities, and thus the
carrier mobilities. For example, along the “phase transition” lines, inter-valley scat-
tering processes might play a dominant role, strongly influencing the mobilities and
the figure-of-merit Z7.{41] Thus, in this respect, the values observed here represent
an optimistic estimate for the thermoelectric performance of this nanowire system.
However, even though the calculated values necessarily include uncertainties, the con-
cepts unveiled by this work in the Bi;_,Sb, alloy nanowire system, namely the phase
diagram characteristics, the alignment of all the hole pockets, and the non-monotonic

behavior of ZT with respect to nanowire diameter, are not sensitive to the accuracy
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Figure 2-12: Contour plot of the percentage of holes populating the L-point subbands
in optimal ZT-optimized p-type Bi;_,Sb,; nanowires vs. wire diameter and antimony
concentration. The contour lines were generated using MATLAB from a grid of 323

non-uniformly spaced point calculations.
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of the model and are expected to hold true.

2.8 Experimental Verification of the Model

The model presented above has a great predictive power in determining the effects
of quantum confinement in a nanowire on the thermoelectric propertics. The model
is also very simplistic. It has been assumed that the key features of the clectronic
band structure of the bulk are conserved in the nanowires, and the electronic band
structure of the nanowire can be derived from it, by imposing a confining potential
in two dimensions. One must therefore question whether these simplifications are
justified.

Several experimental studies produced Bi and Bi;_,Sb, nanowire samples, and
their investigations support the validity of the model calculations described in this
chapter. First, x-ray diffraction studies of bismuth nanowires down to 23 nm in
diameter prepared by template synthesis (Ref. [15,64] and Chap. 4) show that the
crystal structure of bismuth is conserved in the nanowires. The conservation of crystal
structure is a necessary (but not sufficient) condition for the electronic band struc-
ture to be conserved. Transport studies on bismuth nanowire arrays prepared by a
gas-phase impregnation technique [15] and transport studies on Bi;_,Sbh, nanowire
arrays prepared by a pressure injection technique [65, 66] provided evidence in support
for a semimetal-to-semiconductor transition, as predicted by the calculated “phase
diagram” of Bi,_,Sb, nanowires (Fig. 2-7). For bismuth nanowires, the transition
occurs at a diameter of about 50 nm, and for 65 nm diameter Bi,_,Sb, nanowires,
the transition occurs at 2 at-% antimony. Furthermore, the experimental resistance
of the arrays of nanowires in the semiconducting regime becomes less sensitive to
temperature as one “moves away” from the transition diameter and composition.
These results are in accordance with an increase in the bandgap, as the nanowire
diameter decreases or as the antimony content increases (up to z = 0.15). Finally,
the Seebeck coefficient of nanowire arrays with dy = 45 or 65 nm and = 0 or 0.05

was determined experimentally. The Seebeck coefficient increased as predicted by the
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calculations, being the highest for the low diameter, high antimony content sample

among the four samples examined.[66]

2.9 Summary

In summary, a simple model used for the evaluation of ZT and other transport prop-
erties of nanowires was presented. The model was applied to the mixed-carrier multi-
pocket electronic structure of Bi;_,Sb, alloys. An electronic band-structure phase
diagram was constructed showing semimetal-to-semiconductor transitions and hole
pocket alignment conditions for Bi;_,Sb, nanowires. Optimal Z7, and Z7T,, values
are calculated. A non-monotonic dependence of ZT on wire diameter was discovered
in p-type systems, and explained in terms of the relative contributions of the vari-
ous carrier types to the transport. The limitations of the model were discussed and
experimental data supporting the model were presented.

The model can be easily applied to a two-dimensional system (thin Bi;_,Sb,
films). Two-dimensional systems have the advantage that they can be fabricated with
excellent control over thickness, composition, and doping by molecular beam epitaxy.
However, since only one dimension is quantized in the films, the thicknesses of the films
necessary to observe substantial effects on the transport are lower (d < 10nm) than the
corresponding nanowire diameters. Surface effects are expected to be more dominant,
and are harder to model. Nonetheless, measurements and device fabrication with
films are easier to perform, and important information regarding to quantization of
the electronic band structure in bismuth can be obtained. These data, in turn, will

help improve the models for the nanowire system.

66




Chapter 3

Modified Porous Anodic Alumina
Templates

3.1 Background

The anodization of metals[67-69], and in particular the anodization of aluminum[70-
72, has been extensively studied for many decades, since the resulting oxide coatings
are of practical interest for protective and decorative finishing. Anodic coatings are
formed when a metal is used as (a part of) an anode in an electrochemical setup
and a large voltage (typically 5-200V) is applied. The anodization process can be
carried out at a constant voltage or at a constant current density. Depending on the
generation conditions, i.e. the electrolyte chemistry, the voltage or current density
control mode, the temperature, and the metal used, the anodic coating can be dense
Or POrous.

Dense coatings are commonly formed under constant voltage conditions. The
current decays with time, and goes to zero, once a certain oxide thickness has been
reached. For this reason dense coatings are also known as barrier-layer type coat-
ings.(70, 72] Every metal usually exhibits a constant barrier layer thickness—to-voltage
ratio.[69, 70]

Porous anodic film formation is, on the other hand, a steady state process, in which

the film thickness increases with time. The porous film evolves from the pitting action
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of the electrolyte on the initially formed barrier layer oxide (oxide dissolution). The
pitting process is usually facilitated by the local electric field, making it strongly
dependent on the voltage and on the surface morphology.[71] Since the pitting leads
to the local thinning of the barrier layer oxide, more metal is subsequently converted
into oxide to conserve the constant barrier layer thickness-to-voltage ratio.[71, 73]
Thus, a porous film is formed between the electrolyte and the metal, with a barrier-
layer of constant thickness at the interface between the oxide and the metal. In the
steady state condition, equal rates are established for the oxide dissolution and the
oxide formation across the barrier layer, and the current density is constant with

time.

3.1.1 The Structure of Porous Anodic Alumina

Porous anodic alumina (PAA) films[71] are particularly interesting, because under
certain anodization conditions, ordering of the pores may be achieved.[74-76] The
pores in ordered PAA films grow perpendicular to the aluminum surface (along the
electric field lines) resulting in arrays of parallel channels.[71] Schematic drawings
of the structure of PAA are presented in Fig. 3-1. In perfectly ordered regions, the
channels are organized in a close-packaged triangular array, as shown in the scanning
electron microscopy image of the top surface of an ordered PAA films in Fig. 3-2.
Each pore is located in the center of a hexagonal alumina cell, and the pore cross-
section is approximately circular. The sizes of the pore and the cell are related to the
applied voltage in an almost linear fashion.[75] The pore diameter can be varied from
7 to ~200 nm, and the interpore distance (or cell diameter) can be varied from 20 to
500 nm. These two structural quantities are strongly coupled during the anodization
process, but the pore diameter can be modified independently by post-anodization
pore enlargement in an etch solution. The ordering of the pores into a hexagonal
lattice improves with anodization time, as the pores elongate, resulting in defect-
free domains a few microns in size. Larger domains can be obtained by seeding
the pore initiation sites, by e-beam lithography[77,78] or imprint lithography[79].

The formation of this self-organized nanoscale structure via the simple process of
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Figure 3-1: Schematic representation of the structure of a conventional porous anodic

alumina film [(a) vertical cross section (b) top surface].

anodization is so far unique to aluminum among the metals. Similar structures were
obtained in semiconductors (silicon[80], III-Vs[81]). These systems, however, are
more difficult to control and the structural features of their arrays are somewhat

larger (periodicities in the range of 50 nm to 10 microns).

3.1.2 The Preparation of Porous Anodic Alumina Templates

The fabrication process of the PAA filins on aluminum sheets is schematically illus-
trated in Fig. 3-3. Various fabrication recipes are available in the literature sharing
the processing steps shown in the figure (see for example Refs. [70], [72], and [75]).
Here, the recipe most commonly used by the author and coworkers, before adopting
the modifications discussed in the chapter, will be presented.[64]

A sheet of aluminum (99.997% metal purity, 2cm*lem*0.25mm) was flattened
between glass sides with a pneumatic press. The sheet was mechanically polished on a
polishing wheel, using polishing solutions with decreasing particle size (50 nm colloidal
silica suspensions were used in the last step). The sheet was cleaned by sonication
i water, acetone, and isopropanol, and annealed in air at 350°C for one hour. The
roughness of the aluminum sheet surface was further reduced by an electrochemical
polishing step: The aluminum was used as the anode in a system, consisting also
of a platinum cathode and a polishing bath of 76 mL H;PO, (assay: 85%), 4 mL
HySO4 (assay: 97%), and 1.6 g CrO; at 85°C. A voltage of 20V was applied for
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Figure 3-2: SEM image of the top surface of a PAA film with an ideal pore ordering

structure (pore diameter = 55 nm; center-to-center pore separation = 100 nm).

10-30 secs, while limiting the current density to 2 A/cm? Immediately prior to

the anodization, the aluminum was dipped for at least 20 min in an aqueous etch
solution of 3.5 vol% H3PO, and 45 g/L CrO3 to remove the native oxide formed under
ambient conditions. A typical anodization was carried out at room temperature in
a 4 wt% oxalic acid aqueous solution at 40V, yielding a porous structure with an
average interpore distance of 100 nm and pore diameters of 35-40 nm. To improve
the ordering of the pores a “double anodization process” was adopted. [82] The process
builds on the improvement of the hexagonal ordering of the pore array with time. The
anodization was first carried out for 2-4 hours. The PAA film was etched away in the
above mentioned H3PQ4/CrO; etch solution for ~12 hours, exposing the underlying
aluminum substrate, whose surface was indented with a triangular array of concave
depressions as a result of the anodization process (Fig. 3-1a). Each depression serves
as a nucleation site for pore formation in a subsequent anodization step. Thus,
the PAA film formed in the second anodization of the film has a significantly more

ordered structure and more uniform pore diameters than the film obtained from the
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Figure 3-3: Main processing steps in a typical preparation of PAA films on aluminum
sheets. The drawings represent the cross section structure of the film at different
preparation stages. IFrom top to bottom: Polished Al sheet, PAA filin on Al sheet,
free-standing PAA film, and through-channel PAA film.
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first anodization. The length of the second anodization step is chosen to achieve the
desired film thickness, with the relation thickness(nm) =~ 200x¢ime(min). During the
anodizations, the back side of the aluminum sheet was covered with an insulating film
(Crystalbond, Buehler) to maximize the current efficiency. After the anodization, the
pore diameter was modified by etching in a 5 vol% HzPOy4 aqueous solution. When
necessary, the aluminum substrate was etched away in a 0.2 M HgCl, aqueous solution
to give a free-standing PAA film. The barrier layer could be subsequently etched away
by soaking in a 5 vol% H3zPO, solution for 20 min, to obtain a membrane with pore
channels running from side to side. To prevent pore enlargement, the top surface was
covered during the etching of the barrier layer.

In this chapter, we will describe alternative methods that were developed for the
preparation of high-quality PAA films suitable for the templating of nanostructures.
The main part of the chapter will introduce the fabrication of PAA films on rigid
substrates, and demonstrate their use as templates. The last section will discuss
improvements made to the process of preparation of aluminum-supported PAA films,

as described in the above paragraph.

3.2 DMotivation

Porous anodic alumina films are made of amorphous hydrated alumina. These films
are thin (with thickness up to several tens of microns) and brittle. It is very difficult
to prepare large area samples without defects, and it is very difficult to manipulate
the free-standing films without compromising their integrity. Even when supported
by the aluminum sheet, the films are sensitive to mechanical forces, since aluminum
is a soft metal and thin sheets of aluminum deform. Thus, PAA films are commonly
limited in area to a few cm?.[83] Furthermore, PAA films formed on aluminum sheets
have a significant amount of inhomogeneities, which deteriorate the optical properties
of these structures. The inhomogeneities result both from impurities in the original
aluminum film and from defects introduced during the polishing steps: mechanical

polishing leaves scratches of the surface, while electrochemical polishing enhances
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grain boundaries in the polycrystalline aluminum.

It is therefore of value to develop a method to grow porous anodic alumina films
on rigid substrates. The strength of the substrate will serve to protect the PAA
film from bending and cracking. The substrate will also serve as a handle for the
manipulation of the PAA film on it, making it possible to process the porous films in
ways that thus far have compromised their integrity.

The method of growing porous anodic alumina films on rigid substrates needs,
however, to satisfy several requirements in order for its implementation to be worth-

while.

1. The process should not be substrate specific.
2. The process should require minimum substrate-preparation steps.
3. The process should not compromise or modify the porous structure of the PAA.

4. The process should be suitable for the preparation of PAA films by a variety of

recipes, in a variety of porosities, and in a wide range of thicknesses.

9. Most importantly, the process should afford PAA films without a barrier layer
blocking the bottom of the pores, or the process should allow for the removal

of the barrier layer without the need to separate the PAA from the substrate.

6. The additional cost of fabrication should be low and predictable.

While there has been some success in growing PAA films on silicon wafers, the

reported processes failed to satisfy points (4) and (5) above.[84-94]

3.3 Growth of Porous Anodic Alumina Templates
on Rigid Substrates from Evaporated Alumi-
num Films

In this section, we investigate the influence of the various processing steps on the

growth of PAA films on silicon and on glass substrates. We briefly discuss the me-
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chanical, structural and optical properties of the resulting structures, and present a

model for the structural evolution of the barrier layer at the PAA—substrate interface.

3.3.1 Influence of Aluminum Evaporation Methods, Anneal-
ing, and Polishing on Porous Anodic Alumina Forma-

tion on Silicon Wafers

In order to prepare PAA films on rigid substrates, thick films of aluminum were
deposited on silicon wafers, and the conversion of these films to PAA by anodization
was examined. Three deposition methods were tested: Physical vapor deposition
(PVD), electron-beam (e-beam) evaporation, and thermal evaporation. The tools
were used to deposit films of at least 1 micron in thickness. The substrate temperature
was not controlled. The aluminum films were not polished. They were used as-
deposited, except for the removal of the native oxide right before the anodization
step. A double anodization process was carried out at 45V in a 4 wt% oxalic acid
aqueous solution.

The three deposition methods resulted in PAA films of poor quality. The anodized
surfaces of a PVD and a thermal evaporation sample after the first anodization are
shown in Fig. 3-4. It is evident that hexagonal pore ordering was not achieved,
pore diameter variations are large, and there is a high concentration of defects. It
is known that the surface quality of the aluminum film has a strong influence on
the anodization results[95, 96] Even though the films were observed to have a mirror
finish, SEM and AFM observations indicated that the roughness in the films was
significant (see Figs. 3-5-3-7) compared to polished samples of commercial aluminum
sheets. The surface roughness is expected to disrupt the pore nucleation and ordering
processes.

Another structural factor influencing the anodization is the uniformity of the film
density obtained by the different deposition techniques. Indirect information about
the film homogeneity is obtained from the analysis of the crystal domains. The

formation of large crystalline grains indicates that atomic diffusion on the surface
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Figure 3-4: SEM images of anodic films on as-deposited PVD aluminum (left) and
thermally evaporated aluminum (right). Both samples show poor pore ordering and

large defects at grain boundaries.
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Figure 3-5: SEM image of the top surface of an as-deposited PVD aluminum film.
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Figure 3-6: SEM image of the top surface of an as-deposited e-beam evaporated
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Figure 3-7: SEM image of the top surface of an as-deposited thermally evaporated

aluminum film.
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was occurring under the film growth conditions. Thus, samples with large grains are
expected to be denser, including voids only along the grain boundaries, while finely-
structured samples are expected to be less dense, with unfilled volumes at random
positions. The top surface SEM images of the aluminum films (Figs. 3-5-3-7) show
that the grain sizes are larger for the thermally evaporated sample than for the e-beam
evaporated sample. No grain structure was recognized in the SEM images of the PV
sample, indicating that the film is made of fine agglomerates smaller than 20 nm in
size. Numerous voids in the PVD filn can be identified in Fig. 3-5. Cross sectional
SEM images of the anodized films were inspected for the presence of voids in the film,
and their effect on pore growth. The cross section image of the PVD sample in Fig. 3-
8 shows, in addition to the disordered pore channel structure, the presence of voids
in the film. These voids are also indicative of the porosity of the original aluminum
film. Leakage of the electrolyte through the voids disrupted the uniformity of the
anodization. The cross section image of the thermal evaporation sample (not shown)
did not show voids in the pore walls, and the pore channels were relatively straight.
This indicates that the bulk structure of the film obtained by thermal evaporation
is the most dense, and the most appropriate for sustaining a uniform anodization.
The lack of pore ordering was only the result of surface roughness and limited film
thickness. Due to the small thickness of the films, the first anodization could be
carried out only for a limited duration of time, before a high degree of pore ordering

was achieved.

To improve pore ordering and pore diameter uniformity, thermally evaporated
aluminum samples were annealed at 400°C for 3 hours and/or electrochemically pol-
ished. The samples were then anodized, and subsequently inspected by SEM. There
was no noticeable effect of the annealing process on the porous film morphology. On
the other hand, electrochemical polishing greatly improved the appearance of the
aluminum films (increased reflectivity) and greatly improved the pore ordering in the
PAA films. Comparison of Fig. 3-9 and Fig. 3-4 shows that the electrochemical pol-
ishing of the surface resulted in the formation of pores with more uniform diameters,

and the elimination of defects at voids and sharp surface features.
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Figure 3-8: SEM image of the vertical cross section of a PAA film formed by the

anodization of an as-deposited 10 micron thick PVD aluminum layer on a silicon

substrate.
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Figure 3-9: SEM image of the top surface of a PAA film formed on a thermally

evaporated aluminum film that was electrochemically polished before anodization.

The need to employ an electrochemical polishing step to generate good PAA films
from evaporated aluminum films raises a question about the amount of aluminum that
is lost in the polishing process, considering that the evaporation tool imposes a limit,
on the amount of material that can be deposited. In contrast to the electrochemical
polishing step for mechanically polished aluminum sheets, the electrochemical polish-
ing process for thermally evaporated films required the duration of only 1 sec, since
the films are of good finish guality to begin with. Profilometry (Tencor P-10 Surface
Profilometer) showed that the thickness loss due to the electrochemical polishing was

approximately 70 nm.

The process was modified further to increase the film thickness resulting from the
thermal evaporation of a charge of aluminum onto the wafer. The position of the
wafer in the thermal evaporator chamber was changed, so that the distance from the
aluminum source was reduced from the chamber standard of ~60 cm to a distance of
~15 cm. This modification led to the increase of the average film thickness obtained

from an ~1 cm?® pellet of aluminum to ~10um. The films had notably worse surface
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quality after the modification, but the surface imperfections were removed by the
electrochemical polishing step. An inevitable result of the modification is that the film
thickness varied significantly across the sample (up to 50% of the maximum thickness
across a 4 inch wafer). It was also shown that multiple evaporations of aluminum can
be employed on the same substrate to obtain thicker aluminum films. Even though
the vacuum conditions were broken in between the subsequent evaporations, and the
wafer surface was exposed to air for several minutes, the cross section of the PAA film
did not show structural discontinuities at the interface between the first and second
evaporated layers. However, if the first aluminum layer was deposited by PVD and
the second by thermal evaporation, the pores of the PAA grew straight across the
external layer, but then became disordered in the inner layer.

Thus, PAA filims were successfully grown on silicon wafers via the thermal evap-
oration of aluminum, electrochemical polishing of the obtained film, and anodization
under conventional conditions. Methods for increasing the aluminum mass deposited
on the wafer were successfully tested. The increase of the aluminum layer thickness
leads to an improvement of the pore ordering. SEM images of good quality films
obtained on silicon via the newly developed process are shown in Fig. 3-10. The cross
section image shows that the pores are straight and parallel, except when defects were
found on the surface. If the defect was small and the film thickness was large enough,
the self-organizing property of the anodization process gradually repaired the pore
disorder caused by the defect. This is observed in the shape of the pores coming out
of the small defect in the cross section image in Fig. 3-10. The improved hexagonal
ordering of the pores can also be deduced from the comparison of the images of the

top and bottom surfaces of the film in Fig. 3-10.

3.3.2 The Anodization Process on a Silicon Substrate

In order to maximize the thickness of the PAA films, and possibly remove the bar-
rier layer, the complete conversion of the aluminum films to anodic alumina was
attempted. The instance in which the aluminum film converts fully into PAA is eas-

ily detectable by following the color change of the film from metallic to transparent.
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Figure 3-10: Top surface (top left), bottom surface (top right) and cross section
view (bottorn) of a good quality PAA film formed on a silicon wafer by the thermal
evaporation of a thick film of aluminum, electrochemical polishing, and a double

anodization process (see text).
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The complete anodization process was carried out on thermally evaporated films of
Jarge aluminum film thickness (> 2um). A cross section view of the anodized film
(Fig. 3-11) showed that the morphology of the barrier layer was different than that of
barrier layers obtained between PAA and aluminum sheets, as described in a previous
report.[84] Instead of a scalloped edge interface, with convex structures penetrating
the aluminum layer (as in the scheme in Fig. 3-1), the barrier layer interfacing with
a rigid silicon crystal was found to have a planar interface with convex structures
pointing into the PAA film (Fig. 3-11). The pore bottom is split around the con-
vex structures. Such a barrier layer is termed “inverted”. A plausible mechanism
for the barrier layer inversion is presented schematically in Fig. 3-12. As the barrier
layer approaches the silicon wafer, the tips of the scalloped barrier layer will reach
the wafer first, creating a series of ridges of aluminum at the interface. This situ-
ation changes the distribution of the electric field at the bottom of the pore. The
electric field is stronger at the sides of the pore bottom than directly underneath it.
Thus, the pore growth direction changes and the pores begin to grow sideways. At
this stage, the newly formed alumina is located underneath the pores walls, while
the alumina directly underneath the pore channel can only dissolve but not grow in
thickness. Considering the volume expansion during the conversion of aluminum to
alumina[97], the net result is lateral forces within the barrier layer from the periphery
of the pore inwards (indicated by arrows in Fig. 3-12). If the adhesion between the
barrier layer and the wafer is weak, or is weakened by anodic reactions at the inter-
face, the structure can relax by detaching the thinner portions of the barrier layer
from the wafer, and bending it into the pore space. Thus, the barrier layer at the

pore will be inverted, and a void will appear underneath it.

Interestingly, the experiment revealed, that unless the anodization was stopped as
soon as the entire aluminum film was converted into PAA, the PAA film spontaneously
detached from the silicon wafer, and a frec-standing film was obtained (see Fig. 3-13).
The film delamination is the result of the strain accumulated in the PAA film due
to the volume expansion during the conversion of aluminum to PAA[97], of anodic

reactions at the wafer surface that generate oxygen bubbles, weakening the adhesion
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Figure 3-11: SEM image of the inverted barrier layer at the interface between PAA

and silicon generated by the complete anodization of the film on the wafer.
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Figure 3-12: Schematic representation of the mechanism of barrier layer inversion
at the PAA-silicon interface. The arrows in the drawing in the center indicate the

direction of the forces related to volume expansion.
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Figure 3-13: Photograph of a PAA film delaminated from the supporting silicon wafer.
An area covered with aluminum, that was not submerged in the anodization bath,

holds the PAA film by its edge.

of the filmm to the wafer, and of the reduction of contact surface between the PAA and

the wafer as a result of the barrier layer inversion.

The top (electrolyte-facing) and bottom {wafer-facing) surfaces of a free-standing
film were examined by SEM and AFM after its spontaneous detachment from the
silicon wafer at the completion of the anodization (Fig. 3-14). The SEM images
show little difference between the surfaces, indicating that the porous PAA structure
is conserved across the entire film. The pores at the bottom surface are smaller,
consistent with the presence of an inverted barrier layer. However, the AFM images
show a dramatic difference between the two surfaces: The bottom surface of the
PAA film is extremely flat around the pores, mirroring the flat surface of the silicon
wafer it was attached to. The top surface displays a rough topography that resulted
from the depressions on the surface at the end of the first anodization and from
the etching action of the anodization solution. Free-standing PAA films have been
used as masks in pattern-transfer processes, transferring the self-assembled nanoscale
hexagonal ordering to substrates which lack the self-organization process.[32, 98-105]
The extreme flatness of the bottom surface, and the ease of detachment from the
wafer, make the free-standing PAA films thus obtained very attractive as contact

masks for such nanoscale pattern-transfer processes.
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Figure 3-14: AFM micrographs of the surfaces of a PAA film that detached from
the silicon substrate on which it was anodized [(a) electrolyte-facing, top surface; (b)
wafer-facing, bottom surface], and SEM micrographs of the same surfaces [(c) top

surface; (d) bottom surface].



3.3.3 Growth of PAA Films on an Optically Transparent
Substrate

For optical applications of substrate-supported PAA films, the substrate and the
anodic alumina should not be transparent to light in the relevant portion of the elec-
tromagnetic spectrum. PAA films show strong absorption in the far IR, but appear
transparent to the naked eye. Thus, PAA films were prepared on microscope glass
slides to evaluate their light transmission in the visible spectrum. Unfortunately, both
the thermally evaporated aluminum and the PAA films displayed poor adhesion to
the glass. A buffer layer of 10 nm titanium was employed on the glass to facilitate the
formation of the structure, and reduce the formation of trapped aluminum islands at
the end of the anodization. The transmission of the PA A—glass bilayer was measured
in the range of 200-1800 nm (Cary 6000i UV-Vis--NIR spectrometer, Varian). The
spectrum of the sample, presented in Fig. 3-15, shows that the film has a high op-
tical transmission in the visible and near-IR regions. The reduction in transmission
compared to the bare glass slide is mainly attributed to the featureless absorption
of the titanium layer. Recently, transparent PAA films were prepared by others on
ITO-coated glass slides.[106, 107}

3.4 The Effect of Thin Film Coatings on the
Growth of Silicon Wafer-Supported Porous

Anodic Alumina Films

In the previous section, the preparation of PAA film by the gas-phase deposition
of aluminum on silicon wafers was described. While the method was successful in
generating large area PAA films, these films possessed a normal barrier layer if the
aluminum was not exhausted, and an inverted barrier layer if the aluminum was
consumed. Furthermore, the PAA films detached from the silicon surface at the end

of the anodization. These observations indicate that understanding the interface at
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Figure 3-15: Comparison between the UV Vis-Near-IR transmission spectra of a

PA A—glass bilayer slide and the transmission spectra of a bare glass slide.
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the PAA-substrate boundary is critical to accomplish the substrate-supported PAA
structure, since that interface has influence on both the adhesion of the PAA to the
substrate and the morphology of the barrier layer.

To investigate the effect of the interface on the anodization process, silicon wafers
with various thin film coatings were prepared. These wafers were then used as sub-
strates for the thermal deposition of aluminum, and the aluminum films were anodized
to completion. In the resulting structures, the thin films acted as interface buffer lay-
ers between the PAA and the wafer. By changing the composition of the coatings,
the properties of the interface were varied. The interface film got exposed to the
anodization conditions applied to the aluminum as the anodization front reached the
bottom of the aluminum film. Time-current transients of the anodization process
were recorded, and the data were correlated with the adhesion between the layers in

the final structures and the morphology of the barrier layer.

3.4.1 Anodization Time-Current Transients

The time-current profiles of the anodization processes were manually recorded, or
were recorded using a computer-interfaced digital multimeter and a custom-written

recorder program. The current transients consist of three stages:

1. The initial stage, in which the voltage is ramped up, and the current peaks and
then decreases as the aluminum oxide barrier layer is created on the surface of

the sample. This phase lasts up to 60 seconds.

2. The steady state aluminum anodization, in which the current gradually in-

creases as the ordering in the film is improved.

3. The final stage, in which the anodization front reaches the bottom of the alu-

minum layer, and signatures from the interface layers are observed.

The first two stages are very similar for all the films regardless of the nature of

the interface layers, and are very similar to the current profile obtained during the
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anodization of aluminum sheets. During these stages, only the aluminum film par-
ticipates in the charge transfer between the sample and the electrolyte. The current
transient during the last phase varies significantly from interface layer material to
material. Roughly speaking, the interface layer materials could be divided into four
categories according to their anodization response. Typical time-current transients

of these categories are presented in Fig. 3-16.

The first category I includes all insulating interface layers. The example in Fig. 3-
16 is from a silicon wafer coated by 520 nm of thermally grown silicon oxide. The
current in this case runs from the leads to the electrolyte interface exclusively through
the aluminum layer and not through the wafer. Thus, as the aluminum layer is
consumed, the current decreases until the current flow stops. Since the anodization
front is parallel to the PAA—electrolyte interface, unless care is taken in controlling the
thickness variation across the sample, aluminum islands can be trapped in between

the PAA and the SiO, layers, as they lose a conducting path to the anode lead.[108]

The second category I1I includes interface layer materials which also form porous
anodic films under the anodization conditions of aluminum. The example in Fig. 3-16
is from a silicon wafer coated with 250 nm of sputter-deposited titanium (Applied
Materials Endura System). Here, a decrease in the anodization current was observed
and a new steady-state current was obtained, as the anodization front crossed from
the aluminum layer to the titanium layer. The anodization of titanium is slower than
the anodization of aluminum under the same voltage.[109] Therefore, the oxidation
reactions at the titanium did not interfere with the anodization of the aluminum,
even when the two processes occurred simultaneously (due to the aluminum layer
thickness variations across the sample). However, if a titanium surface was exposed
to the electrolyte during the first phase of the anodization, gas evolution and erosion
of the titanium were observed to occur, interfering with the aluminum anodization.
This is a surprising result. It demonstrates the capability of the nanoporous film
and of the barrier layer to regulate the rates of ion transport in an electrochemical

process, and to alter the reaction mechanism.
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Figure 3-16: Time—current transients from anodization processes with different in-
terface layers materials. (1) silicon oxide, (II) titanium, (III) n-type polysilicon, and
(IV) platinum. The current (y-axis value) is proportional to the sample area, and
the duration of the anodization is proportional to the aluminum layer thickness. The
slope of the current drop in plots (I) and (II} is proportional to the thickness variation

across the sample.
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The third category III includes interface layer materials which oxidize under
the anodization conditions of aluminum, yet form barrier layer-type oxides. The
example in Fig. 3-16 is from a silicon wafer coated with 100 nm n-type polysilicon
over an insulating layer of SiN, (the aluminum in this sample was prepared by e-beam
evaporation and was limited to 200 nm to obtain a uniform thickness). The current
is observed to decrease at the end of the aluminum anodization, but then a peak is
observed (A’ in plot), corresponding to the oxidation of the polysilicon layer. The
second decrease in current ('B’) indicates the formation of the barrier layer at the
surface of the silicon. At this point the PAA film is observed to delaminate from the
wafer, and the current increases again (C’) as a result of direct contact between the
wafer and the electrolyte, leading to oxygen evolution.

The fourth category IV includes noble metals and metals that dissolve — but
do not form anodic oxides — under the anodization conditions of aluminum. The
example in Fig. 3-16 is from a wafer coated with 50 nm platinum over a 40 nm thick
titanium adhesion layer. The current in this case is observed to increase sharply as
the anodization front reaches the platinum film. Oxygen is generated at the metal
surface, and the gas bubbles rupture the PAA filin. These processes also hinder the
anodization of aluminum from continuing in parallel. Thus, only small areas of fully
anodized aluminum can be achieved with interface layers of this category, if there are

thickness variations in the aluminum layer.

3.4.2 Adhesion Properties

One objective of adding an interface layer between the PAA film and the wafer is
to control the adhesion between the layers of the structure. As was mentioned in
Sect. 3.3, the use of bare silicon wafers leads to the formation of high-quality free-
standing PAA films, since the adhesion is poor. The same was observed with polysil-
icon interface layers. In general, coatings of the first category showed good adhesion
to the PAA film, as no anodic reactions could occur at the interface. The excep-
tion to the rule was glass microscope slides, which showed poor adhesion to both the

aluminum film and the PAA film. However, the problem was fixed with the use of
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a 20 nm thick titanium buffer layer on the glass. From the second category, only
titanium was tested, and it resulted in a robust structure. Three materials tested
from the third category (Si, polySi and Ag) lead to the detachment of the PAA film.
A layer of 20 nm of silver was the most effective among the interface layers examined
in causing the separation of the film, and adhered to the PAA stronger than to the
wafer. The delamination mechanism probably involves structural changes at the in-
terface due to the oxidation processes, which require a rearrangement of the atomic
structure. However, there is no reason not to expect that some materials from this
category will not cause delamination. Some members of the fourth category appear
to have good adhesion properties towards the PAA {ilm[88, 110], indicating that no
structural changes occur at their interfaces. However, the evaluation of the robustness
of the structure is difficult in this case, since the quality of the films depends very

much on the precautions taken to prevent damage to the PAA from gas evolution.

3.4.3 Barrier Layer Morphology

Scanning electron microscopy (SEM) studies were carried out to analyze the structure
of the barrier layers that were obtained by using wafers coated with different thin
films. It was previously observed that the anodization of aluminum directly on a
silicon wafer results in the creation of an inverted barrier layer.[84] It is expected that
the barrier layer morphology will depend on the interface layer material composition:
Since the materials at the interface have different anodization signatures (Sect. 3.4.1),
each leads to a different sequence of anodic reactions and generates different PAA
formations.

SEM cross section images of 4 types of PAA—substrate interfaces are shown in
Fig. 3-17. The barrier layer formed at the interface with SiO; is seen to be thick
(~40 nm), and differs from the barrier layer on aluminum substrates only in having
a flat interface (instead of a wavy one) with the substrate. In some instances, the
pore bottoms are approximately rectangular in cross section. Pyramidal aluminum
islands trapped under the PAA film can be seen in between alumina cells (Fig. 3-171).

The barrier layer formed on bare silicon wafers has an inverted morphology (Fig. 3-
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Figure 3-17: Cross section SEM images of the barrier layer region from PAA films
on different interface layers materials. (I) silicon oxide, (II) titanium, (III) n-type

silicon, and (IV) platinum.
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I7III). The mechanism of formation of this structure has been proposed in Sect. 3.3.
Barrier layers over a surface of platinum were difficult to image by SEM, because of
the large difference in brightness between the conducting metal and the Insulating
oxide layer (Fig. 3-171V). It appears that some channels end in a thick barrier layer,
separating the pore from the Pt film, while others lack a barrier layer. Less frequently,
an intermediate structure is observed, in which the barrier layer at the bottom of the
pore appeared to have a narrower channel across it, connecting the pore and the Pt
film. These observations indicate that the anodic reactions at the platinum interface
(most probably the generation of oxygen gas) damage and remove the barrier layer
at the bottom of the channels. However, this occurs only at the channels located in
the thinnest aluminum regions, whose bottoms reach the platinum surface first. The
electrolysis at these locations thwarts the continuation of the anodization at other
locations. Thus, pores at other locations just approaching the Pt film will retain
their barrier layer, and pores at, locations with thicker aluminum layers will even have
aluminum, in addition to the barrier layer, between them and the platinum layer.
More evidence for this was obtained by nanowire growth experiments (Sect. 3.5).
Finally, PAA films on titanium coated substrates, in which the anodization continues
into the titanium layer, display a barrier layer somewhat similar to the inverted barrier
layer on silicon (Fig. 3-171T ). The anodization slows down at the Al-Ti interface but
does not stop. Field-enhanced oxide dissolution continues, and the barrier layer of the
PAA films is thinner and less uniform than the one seen on silicon. As the anodization
front crosses over to the titanium layer, a new barrier layer is formed between the

titanium and the porous titania.
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3.5 Fabrication of Nanowire Arrays in Silicon
Wafer-Supported PAA films: Overcoming the

Barrier Layer Challenge

PAA films were successfully prepared on the surface of silicon wafers with appro-
priate coatings (Sect. 3.4). These films could be fabricated on large areas, as the
rigid substrate protected them from bending and cracking. The films showed a low
degree of imperfections and high optical transparency in the visible-near IR spec-
trum. Therefore, the usage of these films as templates for nanoscale fabrication was
investigated. In particular, preparing arrays of nanowires in physical contact with the
substrate is desirable. Such a structure will enable, for instance, the incorporation of
the nanowires in electrical circuits{111, 112}, and could take advantage of the unique
conduction properties of nanowires[113]. However, to generate such structures, one
needs to be able to remove the barrier layer at the interface between the pores and the
substrate, without removing the PAA film from the substrate, and without damaging
the porous structure. This is one of the challenges that have significantly limited the
use of nanowire arrays templated by PAA, although some techniques were developed

to circumvent the problem.[84, 88,90, 107]

As mentioned in the context of the analysis of the barrier layer morphology
(Sect. 3.4.3), wafers coated with a platinum thin film were found to yield PAA films
that lacked a barrier layer at the bottom of, at least, part of the channels. Since the
platinum layer does not anodize, the layer serves as an electrical lead to the bottom
of those channels in which the barrier layer is missing. Thus, the interface layer could
be used as a working electrode for the electrochemical deposition from electrolytes
in the PAA pores. The deposition process, templated by the walls of the PAA chan-
nels, will result in the formation of nanowires in the channels directly connected to
the electrode. Furthermore, since deposition can occur only on bias surfaces, the
growth of a nanowire will necessarily indicate that there is electrical continuity across

the filled channel and between the filled channel and the platinum surface. Various
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electroplating baths were used to deposit nanowires of different materials (Au, Ag,
Bi, Cu, polypyrrole) in the pores of PAA films on Pt-coated wafers by standard di-
rect current electrodeposition. The only precaution necessary was to make sure the
electrolyte comes in contact with the working electrode only within the pores of the
alumina. Figure 3-18(a) shows an SEM micrograph of the cross section of a PAA
membrane on a Pt-coated wafer, in which some channels have been filled with bis-
muth nanowires by electrochemical deposition. The aspect ratio of these nanowires,
60-70 nm in diameter, is very high, exceeding 100. Aspect ratios exceeding 300 were
achieved for thinner nanowires, 30 nm in diameter. The image in Fig. 3-18(a) was
taken at the interface between a fully anodized region and a region in which the PAA
pores have not yet reached the Pt surface. The image shows dense groups of continu-
ous nanowires growing from the Pt layer toward the solution side of the PAA template.
The density of the nanowires decreases sharply toward the top of the micrograph, as
we approach the region where the aluminum was not fully anodized. There is also
a large distribution of nanowire lengths within the groups of nanowires, indicating
that the openings at the barrier layer are not of uniform size and quality. Figure 3-
18(b) shows an SEM image of a gold nanowire array obtained by the electrochemical
deposition of gold into the channels of a PAA template on a Pt-coated wafer. The
image shows the Pt surface after the complete etching of the PAA membrane, which
exposes the nanowires. In this image, a region of short nanowires can be identified.
The nanorods did not shift from their original positions, nor lose their orientation,
retaining the hexagonal arrangement of the pores of the template. Back scattering
electron imaging and EDS analysis indicated that the nanowires were made of gold
while the surrounding surface was made of Pt. Since the nanowires are the inverted
image of their template, this finding indicates that the interface between the PAA

and the Pt layers consists of non-interconnected pore openings.

The Pt-coated substrates demonstrated the ability to grow arrays of nanowires
on the wafers. However, since it is not possible to anodize the aluminum layer de-
posited on Pt-coated wafers in a complete manner, a thick barrier layer remains over

extensive areas of the sample, leading to a non-uniform nanowire density across the
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Figure 3-18: (a) Cross section SEM micrograph (back-scattering mode) of bismuth
nanowire arrays grown on a Pt-coated silicon wafer. (b) Top view of gold nanowires

grown on a Pt-coated silicon substrate after dissolution of the PAA template.

ternplates. To achieve a higher uniformity in the structure of the barrier layer and
in the nanowire filling within a large area, the Ti-coated wafers are more appeal-
ing, since the anodization of the aluminum can be driven to completion on these
substrates. In these samples most of the channels end in a barrier layer, but this
barrier layer is thin. The titanium layer was oxidized under the operating conditions
for Al anodization, forming a porous oxide coating[109]. Underncath this oxide, a
low-resistance metallic titanium layer remained (Fig. 3-17II). The titanium was used
to induce an electrochemical process at the interface between the substrate and the
PAA for the purpose of removing the barrier layer. The process consisted of immers-
ing the sample in a dilute potassium chloride electrolyte and cathodically polarizing
the titanium layer for several minutes at -2.25V vs. a platinum plate electrode. Un-
der these conditions, hydroxide ions were produced at the surface of the titanium,
locally increasing the pH. Since dissolution of the PAA membrane is enhanced at
pH > 8 [114], the process led to the thinning of the alumina. Figure 3-19 shows a
cross sectional view of the PAA-Ti interface after barrier layer dissolution. It can be
noticed that most channels lack a barrier layer, ending in a partially or completely
open pore. Hints of the inverted barrier layer can be seen in some of the channel

ends. When the cathodic polarization was applied to a Pt-coated substrate, it re-
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sulted in a current density higher by an order of magnitude, and defects soon became
visible in the film. A cross sectional SEM inspection (Fig. 3-20) revealed that these
defects were localized at the substrate-PAA interface as cave-like structures, while
the solution-PAA interface remained flat and undamaged. These observations imply
that localized electrochemical reactions at the substrate-electrolyte interface led to
the selective etching of the barrier layer without the disruption of the porous alumina
structure. The selective etching of the barrier layer is a unique quality of the pre-
sented process[115,116], which distinguishes it from other attempts to template the
electrodeposition of nanowires on substrates using PAA films.[88,107] These other
works failed to remove the barrier layer without causing significant alterations to the
porous structure. The barrier layer-depleted PAA films on the Ti-coated wafers were
used as templates for nanowire growth by electrochemical deposition. Figure 3-21
shows a cross section of such a template after being overfilled with bismuth telluride
(prepared in collaboration with Dr. M. A. Ryan and Dr. A. Borshchevsky from Jet
Propulsion Laboratory, Pasadena CA).[117] In contrast to the Pt-coated samples in
which the density of nanowires varied significantly across the sample, here the growth

of the nanowires was uniform over the entire area of the sample (~0.5 cm?).

The substrate-supported PAA could, in principle, serve as a template for nanowire
synthesis via other growth techniques, as long as the substrate material does not
interfere with the growth process and it is not damaged by it. Melt injection[118],
sol-gel processing, chemical vapor deposition, and vapor-liquid-solid growth(119] are
examples of possible methods for nanowire synthesis that can be coupled with the
substrate-supported templates. The use of these templates in melt injection was
demonstrated in the synthesis of bismuth nanowires. Since this technique results in a
large excess of bismuth on top of the template, the pores were imaged by separating
the PAA film from the substrate, and then imaging its wafer-facing side. Figure 3-22
shows an SEM image of the surface showing bismuth nanowires in channels that were

filled from end to end {~10% of the channels).
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Figure 3-20: Cross section SEM micrograph of the PAA and of the wafer (on the
left) after an anodization on a Pt-coated silicon wafer. The sample was subjected
to the electrochemical barrier layer removal process for a prolonged period of time.
The process caused damage in the form of gaps in the PAA structure starting at the
interface with the substrate and extending up to ~5 pm into the PAA layer. The

undamaged, external surface of the PAA is seen on the right.
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Figure 3-21: Cross section SEM micrograph of bismuth telluride nanowires grown in

a barrier layer-depleted PAA template on a Ti-coated wafer.[115]
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Figure 3-22: SEM image of a bismuth-filled PAA film obtained by the pressure injec-
tion technique. The dark circles denote unfilled pores and the light pores are filled

with bismuth.
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3.6 Patterned Porous Anodic Alumina Films

Due to the rigidity of the substrate, the samples can be manipulated considerably
without the danger of cracking, a common problem encountered when processing
conventional PAA films (free standing or on aluminum sheets). As an example of the
versatility of PAA films prepared by the method reported here, a new method for
patterning PAA is presented.

Previously, the patterning of PAA films was achieved by etching regions of the
anodic alnmina film after anodization.[120] Since porous surfaces complicate the pro-
cesses of spinning on the photoresist and of its removal, a pattern transfer layer
covering the PAA was used.[120] For PAA films on silicon wafers, in addition to this
post-anodization selective-etch method, patterned PAA films were obtained by em-
ploying a patterned substrate. On a Ti-coated silicon substrate, an array of lines of
silicon oxide was deposited by sputtering. The trenches between the lines were 2.5
mm long, 10-250 pzm wide, and 500 nm deep. Aluminum was evaporated on the pat-
terned substrate, electrochemically polished and anodized. Since the entire substrate
was originally coated with a continuous conducting layer of titanium, the patterned
aluminum structures did not need to be continuous. Figure 3-23 shows PAA lines
obtained by this patterning method in the trenches between slabs of silicon oxide.
Detailed examination of the cross section of the structures shows that due to the
poor step coverage of the aluminum deposition, weak links were formed between the
sections of the aluminum film in the trenches and those on top of the silicon oxide
structures (Fig. 3-23b). During the subsequent anodizations and etchings, the con-
necting necks were broken or dissolved, leaving PAA structures mostly within the
trenches (compare Figs. 3-23b and 3-23c). Since the side walls of the aluminum line
were exposed to the electrolyte, pores grew simultaneously, vertically from the top
surface down and horizontally from the side walls inward. Thus, only pores within a
region along the center of the PAA line actually reached the substrate (Fig. 3-23e).
A barrier layer grew diagonally along the top angle-bisectors, where pores from the

top and from the side surfaces met (Fig. 3-23f). Non-planar PAA films such as this
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Figure 3-23: Patterned lines of PAA on a Ti-coated, SiO;-patterned wafer [(a) top
view of a PAA line between two slabs of SiO;; (b) side view before anodization; (c)
side view after anodization; (d) high magnification of top view of the PAA line shown

in (a); (e) and (f) high magnification cross sectional views of the PAA line shown in

(c)][115)

have been rarely investigated.[121] Their growth on a patterned substrate greatly
facilitates their design and preparation. Non-planar PAA structures are of interest
as the orientation of the channels (or of the nanowires) can be engineered to change
continuously (as in curved films) or abruptly (as in films with kinks). However, it
was found that some formations are not easily achieved, due to factors such as the
internal strain in the growing film, and the geometric dependence of the pore density
on curvature and film thickness. Non-planar porous anodic alumina structures are
an exciting subject for further exploration.

"The process described here also offers a means for the fabrication of several new
“Havors” of arrays of nanowires in PAA templates that were impossible or difficult
to prepare with the previously available technology. Primarily, the location of the
growth of nanowires can be prescribed by the design of the substrate, particularly by
the patterning of conducting and insulating regions on the substrate. Furthermore,

the patterns can be designed so that areas on the wafer can be biased independently

103



patterned insulator

Si(100) 5i(100)
A
POTENTIOSTAT ' I POTENTIOSTAT
patterned titanium deposit nanowires deposit nanowires
back electrodes on electrode A on electrode B

Figure 3-24: Schematic representation of the use of conducting and insulating pads
on the substrate to electrodeposit nanowire arrays of different compositions on the

same PAA template.

(Fig. 3-24). This design will allow the fabrication of several arrays of nanowires
on a single PAA film, each array being distinct in terms of its composition (or its
composition profile along the main nanowire axis[122]). Such a ’super-array’ is well
snited for sensing applications of nanowires(122]. In addition, this process offers a
means of generating nanowires of different lengths within the same template, dictated
either by the topography of a patterned substrate or by the thickness profile of the

deposited aluminum film, and possibly using planarization processes.

3.7 Other Modifications: Porous Anodic Alumina

Films on Patterned Aluminum Supports

Conventionally, PAA films are grown on aluminum sheets, as detailed in Sect. 3.1.2
and depicted in Fig. 3-3. While the PAA films prepared on rigid substrates have great
advantages over those made on aluminum sheets, at the present time, the latter are
still more convenient when thick PAA films are required (for example, to template
nanowires longer than 10 gm). Thus, improvements made in the fabrication of PAA
films on aluminum sheets are still of value.

In order to grow nanowires by electrochemical deposition, through-channel PAA
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films are necessary. These can be prepared by the removal of both the aluminum
substrate and the barrier layer by a chemical etch (Sect. 3.1.2). However, removing the
aluminum substrate leaves a free-standing film that is difficult to manipulate because
of its small thickness and its low rigidity. As was shown in Sect. 3.5, growing the
PAA on arigid substrate can alleviate this problem. Alternatively, patterned etching
of the aluminum substrate could serve as a way to balance the need for structural

rigidity with the need to expose the pore ends at the barrier layer side.[123)

The back side of aluminum sheets was patterned by hand with an insulating coat-
ing (lacquer or Crystalbond) to define areas to be protected from contacting the
etching solution. When a saturated HgCly solution was used to etch the aluminum
fo1l, the coating protected the covered areas from oxidation by the Hgt? ions. How-
ever, 1t was not possible to remove all the mercury liquid that was formed in the
reaction. Mercury serves as a catalyst for the oxidation of aluminum even in air[124],
and thus the patterned coating fails to protect the aluminum. In addition, the traces
of mercury on the sample make this process a severe health and environmental haz-
ard. Other commonly used aluminum etching agents, such as the PAN etch solution
(a mixture of phosphoric, acetic and nitric acids), are also potent aluminum oxide
etchants. Their activity depends on their ability to remove the protective oxide coat-
ing from the aluminum surface. Their use is not adequate for the purpose of removing
the aluminum substrate, as they primarily dissolve the PAA film. Copper chloride
(CuCly) is a suitable aluminum reducing agent, that does not react with aluminum
oxide. Selective removal of aluminum was achieved in a solution of 20 vol% HCI
(assay: 37%) and 0.1 M CuCl,. The native oxide on the aluminum was scratched
away in order to initiate the reaction. The copper film generated on the aluminum
surfaces by the redox reaction was removed by mechanical agitation. No reactivity
of the solution toward the protective coatings or the coated surfaces was detected,
except for an undercut formed by lateral etching, as expected from an isotropic etch
process. Figure 3-25 shows photographs of PAA films on patterned-etched Al sub-
strates obtained by this method. In one of the films, bismuth nanowires were grown

using a gold film back-electrode.
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Figure 3-25: Photographs of PAA films on aluminum sheets that were subjected to
a selective-area CuCl, etch. (a) A transparent porous alumina film supported by an
aluminum frame. (b) An aluminum-supported porous alumina film with an e-beam

deposited gold back-electrode and electrodeposited bismuth nanowires (dark area).
3.8 Summary and Future Directions

In this chapter, work leading to the development of a new process for the preparation
of PAA templates and nanowire arrays has been presented. Samples produced by this
process are superior in terms of their uniformity, robustness and effective area. This
process is expected to greatly facilitate the development of nanowire-based electronic
and optical devices.

Near-future developments on the fabrication of substrate-supported membranes
will probably focus on the improvement of the ordering and diameter distribution
of the pores. Since the current process utilized aluminum films of limited thick-
ness, not enough material is available for the self-ordering process of the hexagonal
pore lattice to anneal defects and to reach a perfectly-ordered structure. A pro-
cess for the transfer of thick aluminum layers to the substrate is desirable, as it will
allow for both the improvement of the pore ordering and the fabrication of longer
nanowires. Pore ordering is also attainable through a well-established process of
imprint-lithography.[79, 90, 125]. By pressing a stamp with patterned protrusions in

a hexagonal lattice arrangement against the aluminum film surface, ordered depres-
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sions are formed on the film surface that serve as nucleation points for the pores.
Thus, a perfectly ordered pore array is formed already at the initial moments of an-
odization, regardless of the thickness of the aluminum layer. Additionally, by using
stamps with patterns of suitable (non-hexagonal) lattice geometries, pores can be
ordered into square or rectangular lattices.[126]

In chapter 3.6, it was proposed that a patterned conducting interface layer on the
substrate could be used to regulate the growth of the nanowires across the substrate,
for example, to control the composition of the nanowires by their location. Attempts
to realize this idea have failed so far. It was realized from the experiments, however,
that the non-planarity of the surfaces of the patterned substrates used was responsible
for the failure of the process. The aluminum layer could not be deposited onto the
non-planar substrates without the formation of voids at the step cdges of the pattern
back-electrodes. During the anodization, electrolyte leakage through the voids allowed
for competing anodic reaction to occur and to corrupt the PAA film. The damaged
PAA films were not appropriate for electrochemical growth of nanowires. There is
a need thercfore to develop a method to prepare substrates with patterned thick
(=250 nm) conducting films and planar surfaces.

Porous anodic alumina membranes could be of use in an array of emerging appli-
cation, such as chemical and biological sensors, microfluidic and lab-on-chip devices,
controlled-release systems, photonic and MEMS devices. As we improve our capabili-
ties to make membranes of arbitrary shape, or on an array of substrates (i.e. plastics,
living tissue), and to grow arrays of nanowires by-design, more powerful devices will

be within reach.
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Chapter 4

Bismuth, Antimony, and
Bismuth-Antimony Nanowire
Arrays: Electrochemical Synthesis,
Structural Characterization and

Electrical Properties

4.1 Background

Bismuth-Antimony (Bi,_,Sb,) alloys in bulk form show a very rich clectronic behav-
jor, and can be tuned to be semimetals, direct or indirect bandgap semiconductors,
depending on the antimony mole fraction, z.[27] From the perspective of thermo-
electricity, Bi; ,Sb, alloys display their best figure-of-merit ZT at low temperatures
(circa 77 K); and for these temperatures their Z7 values are among the highest
measured so far.[5] Furthermore, theoretical studies of low dimensional systems for
thermoelectric applications have predicted an enhancement in Z7' in Bi[16,127] and
Bi;_,Sb, na‘nowires[SG} as the wire diameter, composition, and carrier density are

optimized (sec Chap. 2).
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The fabrication of bismuth nanowires has been demonstrated by various meth-
ods|[15, 64, 128,129], and the study of their transport properties is an active research
area.[15,130, 131] Bismuth nanowires have been prepared by electrochemical deposi-
tion into the channels of polymeric membranes[129,132]. These nanowires, however,
were of large diameter (> 95 nm), and were polycrystalline. A pressure-injection tech-
nique[64, 128|, in which anodic alumina templates were infiltrated with liquid bismuth
at high pressures, was used to fabricated arrays of single-crystal bismuth nanowires
of smaller diameters (> 30 nm). Due to the non-wetting properties of liquid bismuth
on alumina, the applied pressure scales as the inverse of the pore diameter, and as
the diameter is decreased, the portion of filled pores — the filling factor — decreases
rapidly. Since the anodic alumina channels are all parallel to each other, it was pos-
sible to identify by x-ray diffraction with respect to the normal to the film, that the
nanowires show a common crystallographic orientation along their main axis. The
nanowires were oriented with the (001), (012), or (101) planes perpendicular to their
main axis, depending on nanowire diameter, and preparation conditions. Smaller
diameter nanowires, down to 7 nm, were also attainable by impregnation of the an-
odic alumina templates with bismuth vapors in vacuum and their solidification in the

channels under a temperature gradient.[15]

It should be noted that bismuth nanowires have not been fabricated by methods
which do not make use of templates, such as the vapor-liquid-solid mechanism, or
solvothermal processes. This is due to the low melting point of bismuth, and its
high tendency to form oxides. Recently, a low yield solvothermal process for bismuth

nanowire synthesis was described.[133]

The synthesis of Bi-Sb alloy nanowires has only recently been attemnpted[65, 134,
135], in response to the theoretical studies.

In this chapter, the synthesis of Bi-Sb nanowires via electrochemical methods is
revisited, choosing porous anodic alumina substrates as the templating matrix. New
electrolytes are proposed for this purpose, circumventing solubility problems often
observed with these elements. Extensive efforts were made to improve the crystallinity

of the samples. The electrical properties of the arrays were also investigated.
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4.2 Electrochemical Deposition in Porous Anodic
Alumina Templates — General Comments

Porous anodic alumina (PAA) films were chosen as the template matrix for the syn-
thesis of nanowires in this work. The matrix is required to be electrically insulating,
and to have a low thermal conductivity. The advantages of the PAA films over other
common templates, such as track-etch polymeric membranes, block copolymer tem-

plates, porous silicon, and zeolites, are:

1. Wide rangc of nanoscale pore diameters (7-200 nm).

2. Monodispersity of the pore diameters.

3. Straight channels with high aspect ratios (commonly ~ 100).
4. Very high density of pores (101° cm~?).

5. Thermal stability (first phase change occurs at 820°C).[136]
6. Can be removed by etching in acid or base solutions.[137)

7. Stable in organic solvents.

Electrochemical deposition was chosen as the synthesis method for its numerous

advantages:

1. A relatively cheap, low-temperature technique.
2. It can be used on a variety of materials.

3. The nanowires are necessarily in electrical contact with the working electrode,

and show electrical continuity.
4. The pore diameter does not affect the filling factor.

5. Oxide formation is usually prevented by the applied potential (in cathodic de-

position).
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The electrochemical synthesis of nanowires is carried out as depicted in Fig. 4-1:
The working, counter, and reference electrodes were immersed in the electrolytic bath.
The working electrode consists of the PAA film with through-channels. One face of
the PAA film is coated by a conducting film, that serves as the back electrode from
which the deposit begins to grow. This film is protected by an insulator, which pre-
vents direct contact between the conducting electrode and the bulk of the electrolyte
solution (to avoid electroplating outside the pores). The other face of the PAA film
is wetted by the clectrolyte, and the channels get filled with electrolyte (for small
diameter pores, sonication might be necessary to remove air from the channels). The
counter electrode was a mesh of platinum wire (AlfaAesar). The reference electrode
was a saturated calomel electrode (SCE; Aldrich). The three electrodes were hooked
to a potentiostat (Gamry Instruments, model PC4-300, operating with VFP600 and
PHE200 software packages).!

The back electrode on the PAA film (labeled “metal” on the right hand sketch in
Fig. 4-1) was composed of a 10 nm chromium layer and a 200 nm gold layer deposited
via e-beam evaporation. For PAA films with large pore diameters (Anodisc 13, What-
man International Ltd., nominal pore diameter: 200 nm), the evaporated films were
not thick enough to seal the pore openings. Thus, a micron thick copper film was
electrochemically deposited over the evaporated films in the galvanostatic mode of
the potentiostat (Technic-Copper-U electroplating solution, 1-2 mA, 1-3 hrs).

Insulation of the back electrode from the bulk electrolyte was achieved by the
application of lacquer on the conducting surfaces of the working electrode (labeled

“insulator” in Fig. 4-1). This method was seemingly effective and cheap. However,

'During the first year and a half, the electrochemical nanowire synthesis work was carried out
with a home-built feedback-controlled voltage/current source (voltage resolution £10mV) provided
by Mr. S. Rabin. Since the latter use of a commercial potentiostat with electrochemical capabilities
(resolution +0.1mV; cyclic voltammetry scans; noise filtering; real-time display) led to the fabri-
cation of nanowire arrays with an improved crystallinity and a higher filling factor, through the
more accurate determination and control of process parameters, only the latter results are reported.
Nonetheless, the home-built source was constructive in the process of testing and resolving many of

the chemical and engineering questions associated with the electroplating of bismuth nanowires.
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Figure 4-1: General setup for the electroplating of nanowires in PAA films. On the

right, a detailed drawing of the cross scction of the working electrode is shown,

multiple layers and long drying times were required, and the coatings gradually de-
graded during the deposition. When non-aqueous electrolytes were employed, this
type of coating could not be used, since the solvent quickly dissolved the coating. No
other fast drying and removable sealant was found appropriate. Thus, to improve the
insulation and make it indiscriminating toward the solvent used in the electroplating
process, an alternative method was followed: A deposition cell was designed, in which
the porous face of the working electrode is pressed against an opening in the bottom
of the electrolyte-containing compartment. The structure of the cell is presented in
Fig. 4-2. The cell was machined out of Teflon. A chemically resistant rubber (sil-
icone tubber for aqueous electrolytes, neoprene for DMSO-based electrolytes) was
used to make the sample-Teflon interface leak-proof, and to prevent the cracking of
the template by the tightening pressure applied on it. The conducting sample holder
and tightening screw were used to lead current from the working electrode. Separate
cells, however, were necessary to accommodate samples of different sizes, and the
samples were required to be planar. This approach was effective in preventing elec-
trolyte leakage and deposition on the back electrode. As will be shown later, usage

of the Teflon cell also helped in improving the crystal structure of the deposit.
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Figure 4-2: Schematics and photograph of the components of the custom-designed
electroplating setup. On the right, a detailed drawing of the working electrode com-

ponents is shown.
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4.3 Electrochemical Deposition of Bismuth Nano-

wires in Porous Anodic Alumina Templates

The electrochemical deposition of bismuth nanowires in PAA templates was not re-
ported until recently, perhaps due to chemical compatibility issues arising from the
low solubility of bismuth salts in aqueous solutions. Ounly the nitrate and the perchlo-
rate bismuth salts are commonly used in electroplating baths.[138] Furthermore, the
solubility of the bismuth salts is highly dependent on the pH of the solution. As the
pH is increased, the bismuth salt hydrolyzes, and a basic salts (the oxy- or hydroxy-
derivatives) precipitate. Thus, electroplating solutions are available only at very acidic
pH. Examples include a Bi;O3/HCIO4 bath[139], a Bi(OAc)/acetic acid bath[140], a
Bi(NO3)3-5H,0/tartaric acid/nitric acid bath[129], and a BiCl;/HCl/NaCl bath[141].
On the other hand, PAA films are also sensitive to pH. PAA filins are etched in both
acidic and basic media (a property that is used to release the nanowires from the
PAA template post-deposition). Studies on the etch rate of PAA films in HC1 and
NaOH solutions of various pH values concluded that the stability window of PAA
is limited in the pH range from 5 to 9 (See Fig. 4-3). It is therefore expected that
the bismuth plating baths will erode the PAA template. Indeed, pore widening was
observed when anodic templates were soaked in a nitric-acid based bath for several
hours. Moreover, the BiCl;/HCl/NaCl bath promoted a redox reaction, leading to
the dissolution of aluminum metal (that served as support for the PAA film) and the

electroless deposition of dendritic, nano-structured, black bismuth.

To satisfy both the requirement of high Bi** ion solubility and the narrow pH
window of PAA stability, a new aqueous electrolyte solution was formulated for this
work. The electrolyte was to contain a chelating ligand to stabilize the solvated form
of the cation, yet the amount of additives was kept as low as possible to reduce the
possibility of contamination of the deposit. Additionally, additives with a strong
interaction with metallic surfaces were to be avoided. Adsorption and desorption
of such additives affect the diffusion rates of the cations to nucleation and growth

sites. In general, such additives promote finely polycrystalline smooth deposits. The
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Figure 4-3: Dissolution rate of porous anodic alumina films as a function of pH in

HCI and NaOH solutions. Data from Paterson et al.[137]

electrolyte developed in this work contained 40 mM of Bi(NOj3)3-5H20, a bismuth salt
with relatively high solubility, and 70 mM ethylenediaminetetraacetic acid (EDTA),
an excellent metal ion chelate. Upon vigorous stirring or sonication, a clear solution
is obtained with a pH of 6. To improve the crystallinity of the deposit, this solution
was prepared with a 1 M KNOj supporting electrolyte (See Sect. 4.6).

Cyclic voltammetry (CV) data of three bismuth electrolytes with different compo-
sitions are shown in Fig. 4-4. The working electrode was an HNQOs-treated platinum
sheet. A freshly HNOj-etched bismuth rod was used as a quasi-reference electrode,
since chloride ions from the SCE were found to interfere with the voltage reading in
the EDTA-containing electrolyte. The positive peaks correspond to reduction waves
(bismuth metal deposition), while the negative peaks correspond to oxidation waves
(bismuth metal dissolution and oxidation of aqueous species). The shape of the
voltammetric curve is a result of the combination of the rates of the electron-transfer
reactions at the electrode interface and the rates of ion mass-transport in the solution.

A comparison between the CV plots shows a shift of approximately -250 mV in the
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Figure 4-4: Cyclic voltammograms of bismuth electrolytes. Scans began at +1.0 volt,
at 50 mV/sec. The first four cycles were plotted for each bath (see legends). The sets

were offset along the y-axis for clarity.

reduction potential of bismuth in the EDTA-containing electrolyte. The additional
EDTA-Bi** binding energy is expected to cause such a shift in the equilibrium po-
tential. Plating at a more negative potential might have a detrimental effect on the

quality of the deposit, as more impurities are expected to be incorporated.

4.4 Electrochemical Deposition of Antimony Nano-
wires in Porous Anodic Alumina Templates

The synthesis of antimony and bismuth-antimony nanowires via physical methods has
been explored less compared to that of bismuth nanowires. The melting point of anti-
mony is significantly higher than that of bismuth (630.76°C vs. 271.44°C), the vapor

pressures of the two elements are not similar, and there is a large temperature differ-
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Figure 4-5: The bismuth-antimony binary alloy phase diagram. The large gap be-

tween the calculated liquidus and solidus curves is apparent.|[142]

ence between the solidus and liquidus lines in the Bi-Sb phase diagram (Fig. 4-5.[142]
The latter leads to macroscopic segregation of the elements in the growing crystal
and to crystal inhomogeneities resulting from constitutional supercooling. Antimony
nanowires were synthesized via the gas-phase method[143] and bismuth-rich Bi;_Sb,

nanowires were synthesized by pressure injection.[65, 144]

Similarly to the situation with bismuth electroplating (Sect. 4.3), studies on the
electrodeposition of antimony and bismuth-antimony alloy nanowires in porous an-
odic alumina films are scarce due to the low solubility of antimony salts, and the
very high[145] or very low[141,146] pH values of common plating baths. Common

antimony sources include Sb;03 and SbCl; dissolved in inorganic acids.

Attempts to prepare near-neutral pH plating solutions of antimony with the aid
of EDTA, as described previously for bismuth, were not successful. The use of an-
timony oxide or antimony chloride led to a large amount of precipitate. Antimony
electroplating was carried out from the supernatant solutions, but the concentration

of Sb*? was estimated as < 107° M, and the current deunsities were very low.
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An alternative to the deposition of antimony from acidic solutions is the use of
non-aqueous electrolytes. Organic polar solvents, such as N, N-dimethylformamide
(DMF), acetonitrile, and dimethylsulfoxide (DMSO), can dissolve inorganic salts and
be used for electroplating. They also have the advantage of having a broader elec-
trochemical potential window than water, that undergoes electrolysis at -820 mV
and +410 mV vs. the standard hydrogen electrode. The deposition of bismuth and
bismuth-rich Bi;_.Sb, nanowires from the corresponding chlorides in DMSO in PAA
films has been reported recently.[134,135,147] Here, antimony and antimony-rich
Bi;_,Sb, nanowires were deposited from a bath of 50 mM SbCl; in DMSO and a
bath of 55 inM SbCl; and 25 mM Bi(NO;)3-5H,0 in DMSO saturated with NaCl
(Bi:Sb=3:7). The deposition was carried out in Whatman templates with 200 nm
pore diameters, in the Teflon setup shown in Fig. 4-2. A freshly etched bismuth
rod served as quasi-reference electrode, since the calomel electrode was observed to

generate a precipitate at the water—DMSO interface.

Cyclic voltammetry studies were carried out on DMSO electrolytes, containing
the bismuth salt, the antimony salt and a mixture of both. The results are shown
in Fig. 4-6. The cyclic voltammograms of the mixed-ion electrolyte (solid lines in
Fig. 4-6) show only one reduction wave and one oxidation wave. Furthermore, these
waves do not correspond in potential and shape to either the redox waves of bismuth
in DMSO or those of antimony in DMSO. The cyclic voltammetry thus indicates that
the deposition and the stripping in the case of the mixed electrolyte are one-step
processes, the simultaneous co-deposition or co-desorption of the two elements. The
ratio of the maximum current to the individual ion concentrations is higher in the
case of the mixed electrolyte than in the solutions of the individual elements, also
indicating that both ions contribute to the current. The codeposition was also proved
by EDS analysis of the deposit (Sect. 4.5). The codeposition of the two elements is
highly desirable for the plating of alloys to prevent segregation of the elements in the

deposit.
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Figure 4-6: Cyclic voltammograms of DMSO-based bismuth, antimony, and bismuth-
antimony electrolytes.  Left: Bismuth quasi-reference electrode.  Scan rate:

20 mV/sec. Right: Platinum quasi-reference electrode. Scan rate: 50 mV/sec.

4.5 Material Characterization of the Electrochemi-

cally-Deposited Nanowire Arrays

Characterization of the electrochemically deposited nanowire arrays was performed by
scanning electron microscopy (SEM; JEOL 6320FV equipped with a back-scattering
electron detector and an energy-dispersive x-ray detector), transmission electron mi-
croscopy (TEM; JEOL 200CX), x-ray diffractometry (XRD; Rigaku 185 mm Bragg
Brettano Diffractometer), and energy-dispersive x-ray spectroscopy (EDS; in the

SEM).

Figs. 4-7 and 4-8 show the cross sectional SEM view of the filled templates in the
back-scattering mode, which is sensitive to the composition. The bright regions cor-
respond to bismuth, antimony, and bismuth-antimony deposits in the corresponding
images. The SEM images show that almost all the pores are filled with nanowires,
i.e. a high filling-factor was achieved in each of these samples. The high filling-factors
were observed only when the deposit was allowed to overfill the template, creating a
continuous film over the top of the PAA template (shown on the right in Fig. 4-8a,
and on the left in Fig. 4-8b). At earlier stages, i.e. before the complete filling of the
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Figure 4-7: SEM image (back-scattering imaging mode) of a cross section of a bismuth
nanowire-filled PAA template obtained by polishing the sample surface perpendicular

to the nanowire growth direction.

template, pores were observed to be filled to different extents, suggesting the growth
rate of the nanowires varies from pore to pore. The variation in growth rate was
attributed to the dispersities in the pore diameter and in the quality of the pore-
back electrode interface.[115, 148] The growth rate dispersion appears to depend also
on the deposition conditions, as uniform nanowire growth was occasionally observed.
Pulsed deposition methods have been developed to achieve more uniform filling rates
and higher filling factors.[147, 149] Preliminary pulsed deposition experiments in the
bismuth/PAA system did not reveal any effective improvement in the growth rate
uniformity; however, a pre-deposition electrode conditioning-step (see Sect. 4.6) was
found to increase the filling factor. In the case of Bi-Sb alloy nanowires (Fig. 4-8b), no
domain segregation of the elements was apparent at the resolution of the instrument
(better than 100nm), although a rigorous analysis of the image brightness levels was

not attempted.

EDS analysis of the samples was used to demonstrate that the material in the

121



— 1 O0u
ARIAR]

[SIRARINE]

Figure 4-8: SEM images (back-scattering imaging mode) showing cross sections of
nanowire-filled PAA templates obtained by film cleavage: a) antimony nanowires, and
b) bismuth-antimony alloy nanowires with axial compositional-variations as indicated.

The arrows indicate the nanowire-growth direction.
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pore chanuels corresponded to the composition of the electrolytic bath. No signals
from impurities, the solvent, or EDTA were observed; however, the detection limit
of the technique is about 1%, the technique is not equally sensitive to all elements,
and the determination of oxygen and aluminum in the nanowire was not possible due
to the strong signal from the PAA matrix. The EDS analysis provided particularly
interesting results for the case of the deposition of Bi-Sb alloy nanowires: First, it
indicated that the deposition of antimony was preferred, as the average composition
of the alloy in the nanowire (Bi;gSbgy) deviated from the ratio of the elements in so-
lution (Bi:Sh=31:69). Second, there was a pronounced compositional variation along
the nanowire, ranging from BiysSbrs near the copper back-electrode to Bi;3Sbgr at the
top of the deposit. The initial deposit composition did not vary between nanowires
plated at different potentials (-250 and -350 mV vs. Bi), but the composition vari-
ation seemed to be more pronounced in the slow growing sample (-250 mV). The
enrichment of antimony was previously observed in electrochemical film deposition,
where a Biy;Sbsg alloy was obtained from a DMSO bath with a concentration ratio
Bi:Sb of 2:6[134], and in other works with aqueous electrolytes.[141,150] It is inter-
esting to note, that the concentration gradient along the nanowire axis exhibits an
opposite trend to what would be expected considering only that the depletion of an-
timony from the electrolyte occurs at a faster rate than the bismuth depletion. One
might hypothesize that the mobility of the smaller antimony ions is higher than the
mobility of the bismuth ions in solution. This leads to a narrower depletion region
for the antimony concentration and a faster deposition rate. However, due to the
confinement in the pores of the template, the difference in the mobilities of the ions
is reduced. The deposition is that of an alloy with an atomic ratio similar to that of
the electrolyte. As the pore filling proceeds, the diffusion processes within the pore

become less influential, and the alloy resembles that obtained in film depositioil.

XRD analysis of the nanowire arrays was used to study the crystal structure of
the nanowires. Since the nanowires within the PAA matrix are parallel to each other
and perpendicular to the film surface, the diffraction identifies the crystal planes

that are perpendicular to the main nanowire axis. This is achieved by keeping the
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x-ray source and detector at an equal angle with respect to the normal to the film,
at opposite sides of the normal, while scanning the angle of incidence (or angle of
reflection) of the x-rays (a.k.a. 20 reflection geometry). The XRD data from arrays
of electroplated bismuth nanowires 200-nm in diameter is shown in Fig. 4-9a. The
data includes signals corresponding to multiple crystal planes, and their relative in-
tensities are in agreement with the powder diffraction pattern of bismuth.[25] Similar
diffraction patterns were obtained for arrays of bismuth nanowires with diameters of
70 nm and 30 nm. Measurements on arrays of antimony and Bi-Sb alloy nanowires
also resulted in the powder pattern diffraction of the corresponding materials. The
diffraction pattern peak positions, therefore, indicate that no significant structural
change occurs within the crystal of bismuth or antimony when they are deposited
into the form of a nanowire. The observed powder pattern could result from two
types of samples: samples in which the nanowires are polycrystalline, and samples in
which the nanowires are single-crystalline but there is no global relation between the

crystal axes and the nanowire main axis.

TEM provided further information regarding the microstructure of the nanowires
(Fig 4-9b). Electron diffraction patterns from individual nanowires 70-nm in diam-
eter showed several diffraction patterns superimposed on each other, indicating the
existence of multiple crystal grains along the nanowire. The grain size was deter-
mined by dark-field imaging to be of the order of the wire diameter. None of these
TEM studies was successfully performed on nanowires 200-nm in diameter, since the
electron beam transmission through the thicker samples was too weak to be detected.
A polycrystalline structure was assumed as the reason for the powder pattern XRD

signal from the 200-nm diameter samples as well.
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Figure 4-9: (a) XRD pattern from an array of as-deposited polycrystalline bismuth
200-nm diameter nanowires. (b) TEM image of a 70-nm diameter nanowire indicating

its polycrystalline nature. The insets show electron diffraction patterns from different

bismuth grains.
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4.6 Improving the Crystallinity of the Electro-
chemically-Deposited Bismuth Nanowire Ar-
rays

Since bismuth is an anisotropic material, the properties of the nanowires are predicted
to depend on the crystallographic orientation along the main axis. The properties
will differ also between a single crystal and a polycrystalline nanowire, in which all
the orientations are sampled. Furthermore, enhanced carrier scattering is expected
in polycrystalline samples due to the grain boundaries. Comparison between trans-
port in bismuth nanowires arrays prepared by electrochemical deposition[129,132]
and impregnation methods[130] shows that the temperature dependence of the resis-
tance of these samples can differ significantly. The distinguishing behavior is partic-
ularly pronounced in bismuth nanowires 100-200 nm in diameter. The differences in
electrical transport could be attributed to the polycrystalline nature of the electrode-
posited samples[129] versus the crystallographically oriented single-crystal nature of
the nanowires made by the physical methods.[64]

Electrochemical deposition, unless well-controlled, generates solid material with
a polycrystalline microstructure. This microstructure results from deposition under
non-equilibrium conditions. Non-equilibrium conditions in the electrochemical cell
can be a result of an excessive applied over-potential at the electrode, or the accumu-
lation or depletion of the reactants or products of the reaction near the electrode (“the
diffusion layer”) due to high generation rates and low diffusion rates. Additionally,
surfactants and contaminants can promote polycrystallinity by impeding the growth
rates of crystals and promoting nucleation events.

Three approaches can be adopted in order to improve the crystallinity of the

electrodeposited material:

1. Following the deposition steps, the material can be annealed or recrystallized

by a physical method, such as thermal treatment or pulsed laser irradiation.
2. The electrodeposition can be carried out with a tight control over the elec-
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trode over-potential to minimize the nucleation rate for new crystallites. Very
slow growth rates will be necessary to ensure that the electron transfer reac-
tions proceed at near-equilibrium conditions, and new atoms are incorporated
solely at the low-energy lattice sites. Furthermore, competing processes, such

as hydrogen formation, are reduced.[151, 152]

3. Pulsed deposition techniques are employed to ensure a steady supply of ions to
the growing crystal.[153,154] A short deposition pulse is applied, followed by
a long rest period. During the rest period, the concentration of the ions near
the surface of the electrodes is allowed to recover. A stripping pulse can also be
applied following the deposition pulse to redissolve atoms that were deposited

in unfavorable lattice sites.[149]

The first two approaches were found to be effective in improving the crystallinity
in arrays of electrodeposited bismuth nanowires 200-nm in diameter. The results are
presented in Fig. 4-10 with a comparison to a randomly oriented sample.

Nanowire arrays were heat-treated in a tube furnace under a flow of 5%H;y /N, at
atmospheric pressure at 300°C for 3 hours followed by a slow cooling at a rate of 40°C
per hour. The melting point of bismuth is 278°C, so the nanowires are expected to
melt and recrystallize during the process. The XRD pattern of the heat-treated arrays
show a significant improvement in the nanowire crystallographic orientation (compare
Fig. 4-10b vs. Fig. 4-10a), with 82% of the sample presenting the (101) planes normal
to the nanowire main axis and 12% of the sample presenting the (110) planes. These
orientations were also obtained perpendicular to the surface, when an electrodeposited
film of bismuth on a copper substrate was heat-treated under the same conditions.
The (101) signal also dominated the diffraction pattern of bismuth nanowires with
diameters larger than 50-nm, prepared by the pressure injection technique.[64, 130]
It is therefore probable that even more uniform crystallinity can be achieved by the
optimization of the annealing conditions. However, this approach is not the most
favorable. During the recrystallization process, volume changes occur as bismuth

undergoes phase transitions. It was found that the resistance of the sample increases
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Figure 4-10: XRD pattern from bismuth 200-nm diameter nanowire arrays: a)

as-deposited polycrystalline nanowires, b) same sample after thermal treatment at

300°C, and c¢) as-deposited crystallographically-oriented nanowires.
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substantially, suggesting the nanowires become discontinuous, and possibly oxidation
occurs even though reducing conditions were employed as a precaution. It was also
found that bismuth reacts under the process conditions with other metals to create
intermetallic compounds. Diffraction peaks from An,Bi were obscrved after annealing
a bismuth film on a gold electrode, also indicating that bismuth rapidly diffused
through the gold layer. Thus, the heat-treatment limits the range of materials that
can be used in the back-electrode to metals that do not form intermetallic compounds
with bismuth, such as copper. Interestingly, no improvement in crystal quality was
observed when the heat-treatment was carried out under low pressure conditions
(40 millitorr) instead of the Hy/N, gas flow. This observation suggests that the

presence of bismuth oxide can thwart the formation of large-grain bismuth crystals.

The crystal quality of bismuth nanowires 200-nm in diameter was also improved
by adjusting the electrodeposition conditions to generate as-deposited crystallograph-
ically oriented nanowires. To achieve this goal, efforts were directed into the elimi-
nation of parasitic current losses and voltage drops in the system, while maintaining
a low electrode over-potential. Current losses were observed due to leakage of the
electrolyte through the pores or through the protective insulating coating. The elec-
trolyte would eventually reach the metallic film on the back of the working electrode,
as evident by bismuth deposits found on the back side of the elcctrode. The leakage
was prevented by the electroplating of a thick copper layer on the back of the working
electrode to seal the pores. Satisfactory platings were achieved with a commercial
copper sulfate electrolyte (Technic-Copper-U), a current density of 1.8 mA /em?, de-
position time of 2 hours, and a platinum mesh counter electrode. The insulating
coating was avoided completely by the use of the deposition setup shown in Fig. 4-
2, as described earlier, further minimizing the leaks. Accurate electrode potential
control was improved by the addition of a supporting electrolyte of 1 M KNQ; to
the plating solution. This leads to the reduction of the resistance of the electrolyte,
and thus a lower error in the measurement of the cell potential. In addition to the
electrochemical potentials and the iR potential, interfacial chemical potentials also

contribute to the measured cell potential. In the bismuth deposition set-up, when
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using a SCE, the reference electrode is kept in a separate compartment (containing
a 1 M KNOjs electrolyte) to separate the bismuth ions from the chloride ions, and to
prevent precipitation. Interfacial potential drops exist across the ceramic membrane
or the salt-bridge connecting the SCE compartment and the bismuth electrolyte com-
partment. To eliminate those interfaces, we opt for using a freshly-etched bismuth
rod as a quasi-reference electrode that can be immersed in the same compartment
as the working electrode. After implementing these modifications, electrodepositions
were carried out, first at -450 mV for 1-3 minutes, and then at -350 mV for at least
1 hour. The initial higher over-potential is used to promote the nucleation of bis-
muth deposits in as many pores as possible, overcoming variations that exist in the
pore-back electrode interface from pore to pore. The potential is then turned to a
more positive value to enhance the growth rate over the nucleation rate, and prevent
the polycrystalline morphology of the plated material. The XRD patterns of the
as-deposited nanowire arrays obtained by this approach show exclusively the (012)
and the (024) diffraction peaks, as shown in Fig. 4-10c, indicating that crystallo-
graphically oriented nanowires were obtained, and no post-deposition treatment was
necessary. Interestingly, the nanowires obtained by this approach show a different
preferred orientation than those prepared by a physical method [(012) in this work
versus (101) in Ref. [64]]. By subjecting the (012)-oriented nanowire arrays to 272°C
for 6 hours, diffractions from the (101) and the (110) planes became stronger, indi-
cating a thermodynamic driving force for these crystal planes to align in the radial

directions.?

4.7 Electrical Characterization of the Electrode-
posited Nanowire Arrays

Several studies were reported on the electrical properties of bismuth nanowire arrays.

Review of these studies reveal several difficulties in the analysis of the results. Due

2In nanowires made by pressure injection, the preferred orientation along the main axis changed

to (012) as the nanowire diameter was decreased below 50 nm.[13]
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to the difficulties in making contacts to an individual nanowire[155], all but ou¢[156]
of the reported measurements have been carried out on arrays of nanowires embed-
ded in a supporting matrix (in many cases, porous anodic alumina). This geometry
allows only 2-point resistance measurements to be made, and the number of con-
nected nanowires is unknown. The resistance values thus measured include both the
intrinsic resistance of the nanowire array and the contact resistance. The resistance
values cannot be accurately converted into resistivity values. Therefore, clectrical
characterization of the nanowires has focused on the dependence of the resistance
on measurement conditions (i.e. temperature and magnetic field strength), and the

dependence of these trends on nanowire diameter, microstructure and composition.

Measurements on bismuth nanowires prepared by the pressure injection and the
vapor phase technique display very interesting electrical phenomena. As a function
of wire diameter, the resistance can decrease monotonically with an increase in tem-
perature (diameter < 50 nm) or can show a non-monotonic behavior with a broad
maximum near 100 K (diameter > 50 nm).[15] Fig.4-11 shows the results of a col-
lection of these measurements. These observations were ascribed to the theoretically
predicted semimetal to semiconductor transition in bismuth nanowires due to quan-
tum confinement effects.[130] While this is the general trend, several exceptions were
reported. For example, Zhang et al.[157] reported a monotonic behavior for 65 nm di-
ameter bismuth nanowires, and a nearly-monotonic behavior for 60-110 nm diameter
nanowires doped with tellurium. In the last example, the temperature dependence
changed upon annealing. Huber et al. reported a resistance monotonically decreasing
for 30 nm diameter nanowires[128], but a resistance monotonically increasing with
temperature for 270 nm diameter nanowires with no maximum (up to 300 K).[131]

In contrast, measurements performed on bismuth nanowires prepared by electro-
chemical deposition in polymeric templates, all show a monotonic decrease of the
resistance of the array with increasing temperature, even though the wire diameters

were large (95 nm to 2 microns).[129, 132, 158] Examples of such results are shown in

Fig. 4-12.

The differences between the sets of results obtained from samples prepared by the
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Figure 4-11: Temperature dependence of the normalized resistance R(T")/R(300K)
for bismuth nanowire arrays of various wire diameters prepared by the vapor deposi-
tion method, in comparison with the corresponding data for bulk bismuth.[15] These

nanowires are crystallographically oriented, and appear to be single-crystals.
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Figure 4-12: Temperature dependence of the normalized resistance R(T)/R(300K)
for bismuth nanowire arrays of various wire diameters prepared by electrochemical

deposition.[158] These nanowires are polycrystalline.

different methods were explained in terms of the polycrystalline nature of the elec-
trodeposited nanowires in comparison to the single-crystal nanowires of the physical
methods. Model calculations for 70-nm diameter nanowires[130] have shown that
the difference in behavior can be attributed to higher boundary scattering rates in
the electrochemically deposited nanowires. Further discussion of this model will be
presented below. Further indication for the reduced carrier mobilities in the electrode-
posited bismuth nanowires was obtained by magnetoresistance studies. Measurements
of the resistance vs. magnetic field in pressure injection samples show a maximum
resistance at a threshold field strength, beyond which the resistance decreases.[157)
The negative magnetoresistance at applied fields larger than the threshold field was
explained as the confinement of the helical motion of the electrons into a diameter
smaller than the nanowire diameter, so that the wire boundary scattering becomes
less relevant.[11] Negative magnetoresistance was not observed in the electrodeposited

nanowires[129, 158] or was observed at very high magnetic fields {132] In these sam-
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ples, the grain-boundary scattering is the dominant scattering process, limiting the
mean free path of the carriers below the wire diameter. Therefore, boundary scatter-
ing at the wire boundary interface does not significantly affect the carrier mobilities

and the sample resistance.

Magnetoresistance (MR) measurement on nanowire arrays prepared by electrode-
position from EDTA-containing electrolytes (see Sect. 4.3) in anodic alumina tem-
plates were performed in this work. Figs. 4-13 and 4-14 present the temperature
and magnetic field dependence of the resistance of bismuth nanowire arrays of repre-
sentative pore diameters, above and below the predicted threshold diameter for the
semimetal-to—-semiconductor transition. The results are similar to those reported for
larger diameter electrodeposited nanowires, showing a monotonic decrease in resis-
tance with increasing temperature. There is no clear dependence of the slope dR/IT
on the nanowire diameter, as suggested from the data on large diameter bismuth
wires.[158] The longitudinal magnetoresistance data shows that the resistance lev-
els off at high fields, but no negative magnetoresistance conditions were attained at
B < 5.5T. Here again, there is no clear dependence on wire diameter. The non-
monotonic dependence of transport properties on wire diameter was also reported
by others.[129, 132] The magnetoresistance however indicates that the carrier mobil-
ity in the 70-nm diameter array is high (large MR), and this sample also gives the
weakest temperature dependence. Such a conrnection will be seen again below, in the
context of the improvement of the crystallinity. For the analysis of a collection of
samples, it is evident that the slope R/JT and the MR of the nanowire arrays can
vary between samples of the same diameter as much as between samples of different
diameters. The electrical transport properties are effected by the age of the sample,
by thermal treatments, and very significantly, by the quality of the top and bottom
contacts. As a whole, these results indicate that the carrier mobilities in the elec-
trodeposited bismuth nanowires are low due to the grain boundary scattering in the
polycrystalline samples, and that the mean free path of the carriers i1s shorter than
the wire diameter. In particular, the low mobility is noticeable in the low temper-

ature regime (4K < T < 30K) where the resistance appears as a plateau. In this
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Figure 4-13: Temperature dependence of the normalized resistance R(T)/R(300K)
for bismuth nanowire arrays of various wirc diameters prepared by electrochemical

deposition.

temperature range, the carrier density in semimetallic bismuth is not strongly influ-
enced by the temperature, while the mobilities have a strong temperature dependence
(Hartman suggested a T2 dependence[159]). Thus, observable changes in resistance
are attributed to mobility changes. The plateau indicates the dominance of a scat-
tering mechanism that is temperature independent and not found in single-crystal,
bulk samples. Grain boundary scattering and nanowire boundary scattering satisfy
these criteria. At higher temperatures, the overlap between the conduction band and
the valence band increases exponentially[44], leading to an increase in carrier density
and a decrease of the resistance. The plateau, however, is not a result of weak local-
ization eflects, which vanish at temperatures about ~10K and have distinguishable

magnetoresistance signatures.
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Figure 4-14: Magnetoresistance of bismuth nanowire arrays of various wire diameters

prepared by electrochemical deposition measured at 4 K.
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Comparison between the resistance of polycrystalline arrays and crystallographi-
cally-oriented arrays of bismuth nanowires prepared by the same synthetic method
should be indicative of the effect of grain-boundary scattering on the electrical trans-
port. Fig. 4-15 shows the temperature dependence of the resistance of bismuth
nanowire arrays 200-nm in diameter. This diameter was chosen because dramati-
cally different behaviors were found across the synthetic methods for this diameter
(compare Figs. 4-11, 4-12, 4-13), no significant quantum effects are expected, and
templates are readily available. A distinctive difference was found in the resistance
of the (012) crystallographically oriented sample compared to that of polycrystalline
samples of the same wire diameter, although the general trends were conserved. The
slope GR/AT in the vicinity of room temperature is lower in the crystallographically-
oriented sample leading to a lower value of R(4K)/R(30K). Different samples of
varying absolute values of the resistance werc tested to ensure that the difference is
not due to the contact resistance. The crystallographically-oriented array shows a
resistance saturation at T < 30K as well. The magnetoresistance of this array is
high, but not exceptionally high (26% at 5 Tesla).

Model calculations were used to obtain fits to the experimental results. The

resistivity of the bismuth nanowire was calculated according to
p(T) = [Ne(T)eize(T) + Na(T)ein(T)]7H (4.1)

where N; is the carrier density, e is the electron charge, i is the average carrier
mobility, and the subscripts z. and z, indicate electrons and holes, respectively. The
carrier density is calculated from the bulk band structure, the doping density, and
the temperature. The average mobilities are calculated by adding the contributions

of the different scattering mechanisms according to Matthiessen’s rule:

=y L (4.2
utOt(T) Mbulk(T) Myound /J‘imp(T) ’ .

where gy 18 the carrier mobility in bulk crystalline bismuth, and ugolund and ,ui‘mlp

account for boundary scattering and charged impurity scattering, respectively. The T
dependence of pin(7') is mainly due to electron-phonon scattering, while pyounq 1S as-

sumed to be T-independent. For most bulk materials, impurity scattering contributes
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Figure 4-15: Comparison of the temperature dependence of the normalized resistance
R(T)/R(300K) for electrodeposited bismuth nanowire arrays 200-nm in diameter
with different microstructures. The values in parenthesis are the room temperature

resistances of the samples.
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to a temperature-dependent mobility pm, ~ T2 and the same temperature depen-
dence is assumed for nanowires. Three fitting parameters were used: the extrinsic
carrier concentration (N,-N,), and two parameters defining the absolute contributions
of the boundary scattering and of the ionized impurity scattering to the total mobil-
ity. Fig. 4-16 shows the effect of the rate of the boundary scattering on the shape
of the R(T) curve. It is noticed that as the scattering rate is increased, the curves
shift from non-monotonic curves to curves showing a plateau at low temperatures.
While the model does not quantitatively fit the experimental results, it suggests that
a temperature-independent mechanism dominates the mobilities of the carriers in
electrodeposited nanowires, both for polycrystalline and crystallographically-oriented
samples. The behavior observed in vapor impregnated and pressure injection samples
suggests higher, bulk-like mobilities. The difference in the R(T) curves for the two
sets of electrodeposited samples could be obtained from the model by setting fepound
to a low value and varying the carrier concentration. The best fits are shown in Fig. 4-
17. The results indicate that the crystallographically-oriented samples have a higher
dopant coucentration. While this is a possibility, it is not the only interpretation of
the results. Since the model uses an extremely simplified view of the transport in
bismuth, many effects were not taken into account, and they are interpreted by the
model as a change in doping or a change in mobility, while their true nature is likely
to be more complex. For example, changes in the band structure of bismuth due to
the polycrystalline nature of the deposit may occur. The more localized nature of
the wavefunction in the polycrystalline system can result in a change in the overlap
energy, similar to the quantum confinement effect by the nanowire boundary. In this
case, the contribution of intrinsic carriers to transport will be reduced, and the model
will interpret it as an increase in the contribution of extrinsic carriers, i.e. higher

doping.
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Figure 4-16: Calculated temperature dependence of the normalized resistance

R(T)/R(300K) for bismuth nanowires varying the contribution of the boundary

scattering in Eq. 4.2, as indicated. The extrinsic carrier concentration was fixed

at 2-10Ycm™3.
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Figure 4-17: Calculated temperature dependence of the normalized resistance
R(T)/R(300K) for bismuth nanowires with large boundary scattering varying the

extrinsic carrier concentration (Ng,). The indicated carrier concentration were cho-

sen to simulate the data of Fig. 4-15.
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4.8 Summary and Future Work

In summary, significant improvement has been made in the electrochemical synthesis
of bismuth nanowires. New electrolytes were employed in conjugation with porous
anodic alumina templates to fabricate bismuth, antimony, and Bi,_;Sb; nanowire
arrays. Dedicated efforts to obtain crystallographically oriented samples were suc-
cessful. ‘This provided a unique oppertunity to compare the electrical properties of
polycrystalline and oriented nanowires prepared by the same technique. The electrical
transport characteristics of the oriented samples are similar to those of polycrystalline
samples in the low temperature regime, but approximate the vapor-impregnation sam-
ples at high temperatures.

Model calculations for the temperature dependence of the resistance on temper-
ature were employed to fit the experimental results. The model reveals that the
carrier mobilities were apparently not improved by a significant amount. Similarly,
no large increase in magnetoresistance was recorded. It is still unclear what is the
mechanism that limits the carrier mobilities at low temperatures, and if it is intrin-
sic to the electrochemical growth process. Newly emerging synthetic methods, such
as pressure-induced nanowire growth[160], may cast new light on these remaining
questions.

It is imperative to find more ways to improve the measurement technique and
sample fabrication. In the current arrangement, the overgrowth of bismuth is utilized
to make a contact to the nanowire. The contact resistance, and the temperature
and field dependence of the resistance of the bismuth film may not be negligible,
as the filling factor of the samples was dramatically improved by the electrochemical
deposition process, and the total resistance dropped to the m{2 range. An encouraging
approach was demonstrated by Wegrowe et al.[161] to stop the growth of nanowire as
they begin to emerge from the pores, but only few pores are fully filled by this method.
If samples with contact layers of only several tenths of nanometers in thickness were
produced, the thermoelectric quantities measured would truly reflect the properties

of the array.
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Chapter 5

Enhancement of Weak
Anti-Localization Effects in
Nanostructured Bismuth Thin

Films

5.1 Introduction

5.1.1 Weak Localization

The weak localization effect is a quantum mechanical effect that is a manifestation of
the wave-like nature of the conduction electrons in a solid. (For an excellent review
of the physical interpretation of weak localization in thin films see Ref. [162]). The
effect causes changes in the resistance of microscopically disordered materials: As the
conduction electrons travel in the solid, they repeatedly collide with the randomly
distributed defect sites. When elastic scattering is dominant, the scattered electron
waves retain their energy and phase coherence, allowing for interference (constructive
or destructive) to take place. Various scattering trajectories from electron state k at
time ¢ to state k’ at time ¢’ are possible (by different sequences and numbers of energy-

conserving/momentum-modifying events). The electron wavefunction experiences a
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different phase shift in each trajectory. The probability to find the electron at the
final state k’ at time ¢’ will depend on the amplitude and the phase relation between
the scattered wavefunctions obtained from each of the scattering trajectories. In
general, there is no correlation between the phase evolution in the different k-to-k’
trajectories, and the interference effects average out. A special situation, however,
occurs for electrons scattered from state k at time £ to state -k at time ¢": Due to time-
reversal symmetry, constructive interference is guaranteed from electrons scattered
through the two sequences {k,Ki,kz,. .. kn—1,kn=-k} and {k=-kp-ky 1,... -ka,-
ky,~k}. Thus, the probability of scattering from state k at time ¢ to state -k at
time ¢/, a process known as back-scattering, is twice as large as that expected in the
absence of coherence effects (i.e., a classical system). In real space, the enhanced back-
scattering phenomenon is interpreted in a slower-than-expected motion of a collection
of electrons in the direction of an applied field, and this effect will be detected as an
increase in the resistance of the sample (compared to a hypothetical sample, in which

quantum interference effects between the electrons do not exist).

Application of a magnetic field to the sample lifts the time-reversal symmetry,
disturbing the interference mechanism responsible for the enhanced back-scattering.
As a result, the resistance of the sample will decrease in the presence of the magnetic
field. One way that the weak localization effect is detected is by studying the magnetic
field dependence of the resistance. Depending on the dimensionality of the sample
(wire, film, or bulk), the expression of the magnetic field dependence of the resistance
takes a different functional form.[163] The present study focuses on two-dimensional
thin film systems, where the diffusion length of the carriers is longer than the film

thickness.

Since the weak localization effect depends on the coherent superposition of scat-
tered waves, conservation of the phase of the traveling electrons is crucial for the
observation of localization. Inelastic scattering events randomize the phase of the
scattered wave. Elastic scattering events conserve the phase information. Thus, the
magnitude of the weak-localization effect depends on the ratio between elastic and

inelastic scattering rates in the sample. This ratio decreases with increasing temper-
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Figure 5-1: Magnetoresistance curves of a thin magnesium film as a function of

temperature. Adapted from Ref. [162].

ature, leading to the weakening of the weak localization effect as the sample tem-
perature is increased. Weak localization effects are significant only at temperatures
below 10 K. Figure 5-1 shows the magnetic field dependence of the resistance taken at
different temperatures for a thin magnesium film displaying typical weak localization

characteristics.

9.1.2 Weak Anti-Localization

The weak localization effect was described as a result of the coherent interference
between pairs of back-scattering (k=>-k transition) trajectories. In this discussion,
it was assumed that the spin part of the wavefunction of the electrons does not
change. However, in the presence of spin-orbit interaction, which is pronounced
in large atomic mass materials, the electron spin will accumulate a different phase
in each of the time-reversal symmetry-related scattering sequences. The probabil-
ity of back-scattering decreases with an increase of the spin-orbit coupling; in fact,
at large spin-orbit coupling, destructive interference reduces the probability of back
scattering below the classical sum of the contributions of the various trajectories to
the back-scattering probability amplitude. This phenomenon is referred to as weak

anti-localization, since it is manifested in a higher-than-expected conductivity of the
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Figure 5-2: Magnetoresistance curves at various temperatures of a gold-doped thin

magnesium film. Adapted from Ref. [162].

sample. Figures 5-2 and 5-3 show the weak anti-localization effect, as it is manifested

in the magnetoresistance of gold-doped magnesium and gold thin films, respectively.

5.1.3 Motivation

In order to observe and study weak localization effects in thin films, a great effort is
invested in engineering the structure of the film. In essence, films need to be prepared
with a large density of randomly distributed scattering centers. This is commonly
achieved by the deposition of the material to be investigated on a cold substrate
using a low-pressure film deposition technique. The low temperature of the substrate
reduces the mobility of the adsorbed atoms on the surface of the substrate, and thus
prevents the relaxation of the structure and the annealing of defects. The introduction
of oxygen during the deposition and the accurate variation of the film thickness near
the percolation threshold were also used to modify the structure and the resistance
of the films in an empirical way.

Here, a new approach for the enhancement of weak localization effects is pre-
sented, in which nano-structured substrates are utilized to induce the growth of
nano-structured thin films. The surface of the nano-structured substrates contains
an array of nano-sized pores, formed by self-assembly or patterning. The structure
and weak anti-localization properties of the thin films grown on a nano-structured
substrate and on a flat substrate are compared. Reproducible results were obtained,

even though the temperature of deposition was not controlled.
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Figure 5-3: Magnetoresistance curves at various temperatures of a 6-nm thick gold

film grown on glass. Film fabrication and data acquisition as described in Sects. 5.2

3.3.
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5.2 Sample Fabrication and Structural Character-
ization

Thin films of bismuth and of gold were prepared. Thin films of bismuth were c-
beam evaporated on nano-structured substrates or non-structured substrates at a
rate of 2 A-sec™! and a nominal final film thickness of 33-34 nm. Prior to bismuth
deposition, chromium was evaporated in the chamber (but not allowed to deposit on
the samples) to sequester oxygen, and to prevent the incorporation of oxides in the
bismuth deposit. Thin filins of gold were e-beam evaporated at a rate of 0.2 A-sec!
to yield nominal final film thicknesses of 6 nm or 12 nm. The samples were handled

in air, and were stored in a nitrogen box or a desiccator.

Three types of porous films were used as the nano-structured substrates:

1. Whatman filters (Anodisc13, Whatman International Ltd, nominal pore di-
ameter: 200 nm). Note that the two surfaces of the Whatman filter are not
identical in morphology, providing two types of surfaces: the porous surface

and the “barrier layer’-type surface (see below).

2. Films obtained by the anodization of a thermally evaporated layer of aluminum
on a thermally oxidized silicon wafer in an oxalic acid bath, as described in

Chap. 3.

3. Silicon wafers patterned with a square array of inverted pyramids, obtained by
interferometric lithography[164, 165] and anisotropic etching. These substrates
were provided by Dr. Kornelius Nielsch and Prof. Caroline Ross (M.LT.).

Glass cover slides (VWR Scientific) were used as the non-structured substrates. These
serve as reference samples for comparison to the nano-structured substrates.

The bismuth and gold thin films were analyzed by scanning electron microscopy
(SEM) and x-ray diffractometry (XRD).

The SEM images from the bismuth thin films deposited on glass, porous alumina,

and patterned silicon substrates are shown in Figs. 5-4, 5-5, and 5-6, respectively.
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In Figs. 5-4 and 5-5, the insets show low-magnification/large field-of-view images of
the bismuth thin films on the substrates. The inset Fig. 5-6 shows the substrate
before the e-beam evaporation of bismuth. The images show that the thin films are
polycrystalline, with a grain size on the order of 100 nm. In the case of the nano-
structured substrates (porous anodic alumina and silicon}, the deposited film adopted
the same microstructure as the underlying substrate, showing an array of nanopores
with the same geometry as in the substrate. It is noted, that the pore diameters in
the films are smaller than in the substrate as a result of material accumulation at the
pore edges during the deposition. It is also expected that some amount of bismuth
is lining the facets of the inverted pyramid indentations in the silicon substrate. The
bismuth thin films on the Whatman filters have pores with 150-300-nm diameters, and
constrictions of 70-200-nm in width. The bismuth thin films on the patterned silicon
have pores with 95-nm diameters, and constrictions of 90-100-nm in width. Thin films
on the “barrier-layer” surface of the Whatman filters with constrictions of 40-nm in
width (Fig. 5-7) were obtained, but showed no detcctable electrical conductivity. The
gold thin films grown on the nano-structured substrates also reproduced the nano-
structure of the underlying substrates, but were highly resistive. Gold films deposited
on glass non-structured substrates were suitable for electrical characterization. Films
evaporated on glass substrates will be referred to as continuous films, while films
evaporated on nano-structured substrates will be referred to as antidot array films.

The morphology of the two types of films is schematically presented in Fig. 5-8.

The XRD diffraction patterns from the bismuth 33 nm-thick thin films on glass,
porous alumina, and patterned silicon are shown in Figs. 5-9(a)(c), respectively.
The glass substrate induces a preferred growth orientation of the crystals of the
thin bismuth film perpendicular to the glass substrates. Only (001) diffraction peaks
are observed. The porous anodic alumina substrate does not orient the growth of
bismuth, and a powder diffraction pattern is obtained (at least 6 diffraction lines are
discernible). The result from the bismuth film on the silicon substrate is Interesting:
two sets of planes are found parallel to the substrate, the (007) planes and the (0 % 2k)

planes. One hypothesis is that the silicon substrate also aligns the bismuth growth
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Figure 5-4: SEM image of the bismuth-coated glass slide. The inset shows a low-

magnification image of the polycrystalline bismuth film.
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Figure 5-5: SEM image of the bismuth-coated Whatman filter. The inset shows a

low-magnification image of the polycrystalline bismuth film.
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Figure 5-6: SEM image of the bismuth-coated silicon wafer patterned with an array

of inverted pyramids. The inset shows the surface before the evaporation of bismuth.
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Figure 5-7: SEM image of the bismuth-coated barrier-layer surface of a Whatman

filter. The inset shows a low-magnification image of the polycrystalline film.
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(a) bismuth grain (b) bismuth grain

Figure 5-8 Schematic representation of the morphology of (a) a polycrystalline con-

tinuous film and (b) a polycrystalline antidot array film,

with the (001) planes parallel to the surface, and the signal for the (0% 2k) planes is
obtained from bismuth deposited on the surfaces of the inverted pyramids. The peak
lineshapes were analyzed to obtain an estimate of the crystal size in the perpendicular
direction. The (012) peak width suggested a crystal size of 36.3 nm for the film on
anodic alumina, and 38.5 nm for the film on silicon. The (003) peak width suggested
a crystal size of 40.3 nm for the film on glass, 49.7 nm for the film on anodic alumina,
and 47.7 nm for the film on silicon. The above values are similar to the nominal layer
thickness of 33-34 nm obtained from the e-beam evaporator thickness monitor, but
the values from the peak lineshape analysis over-estimate the film thickness. The
main conclusion is that there are no grain boundaries in the direction perpendicular
to the surface other than the film boundaries, and the bismuth crystals appear to
have a flat-barrel shape (34 nm in height, 100 nm in diameter). In contrast, the XRD
diffraction patterns from 6-nm thick gold thin films on glass and on porous alumina
did not show a preferred crystal growth orientation. The grain size estimated from

the peak lineshape was again similar to the film thickness.
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Figure 5-9: Diffraction patterns from 33-nm thick bismuth thin films deposited on (a)
a glass cover slide, (b) a Whatman filter (porous anodic alumina), and (c) a silicon

wafer patterned with an array of inverted pyramids. All the peaks correspond to

diffractions lines from bulk bismuth, except where indicated.
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9.3 Electrical Characterization

Measurements of the electrical properties of the continuous and the antidot array films
were carried out in collaboration with Dr. J. S. Moodera and Dr. A. Thomas (Mag-
net Lab, M.LT.). The measurements were conducted with a commercial Magnetic
Property Measurement System SQUID magnetometer (MPMS-5, Quantum Design)
equipped with a Manual Insertion Utility Probe for transverse magnetoresistance
measurements, operating at 2-300 K and 0-5 Tesla, or with a custom-built 3He probe
and a superconducting magnet for measurements at lower temperatures, 0.45-4.18 K,
and with a magnetic field of 0-7 Tesla applied parallel or perpendicular to the film
surface. Longitudinal (field parallel to current) and transverse (field perpendicular
to surface) magnetoresistance of the films were measured in a 4-probe configuration,
and Hall effect measurements were carried out in a 6-probe configuration, on films

with a nearly rectangular geometry.

9.3.1 Temperature Dependence of the Magnetoresistance of

the Films

The theory of two-dimensional (2D) weak localization predicts a correction to the

film conductance

AR e?
AG = *7%? = —mln(ﬁ/m) , (51)

where 7; and 7y are the inelastic and elastic scattering lifetimes of the electrons,
respectively.[163] Since 7; depends on temperature as T~ (p is a positive constant)
and 7y can be regarded as temperature independent, the dependence of the film
conductance on temperature should bear a, signature of weak localization, and should
provide a value for p. For 2D weak localization AG/In(T) > 0, but for 2D weak
anti-localization AG(T') has an additional factor of (—0.5), so that AG/in(T) < 0.
Figure 5-10 presents the temperature dependence of the normalized resistance of
33 nm thick bismuth films on various substrates (one continuous film and three an-

tidot array films), while Iig. 5-11 presents the temperature-dependent resistance of
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Figure 5-10: Temperature dependence of the resistance, normalized to the resistance
at 30K, of 33-nm thick bismuth films on various substrates: (e) patterned silicon,
(M) Whatman filter, (#) PAA on an oxidized wafer, and (A) glass (continuous). The

inset shows data for temperatures up to 300 K.

a 6 nm thick continuous gold film, with no magnetic field applied. For both mate-
rials, Figs. 5-10 and 5-11 show that the resistance (R) decreases with temperature
in the temperature range relevant to weak localization. For continuous films, AR
18 proportional to —In(T). For antidot array films, AR(T) is seen to be more com-
plex. Both materials have strong spin-orbit coupling, so that weak anti-localization
effects are expected to occur. The observed behavior is, however, opposite in sign
to the predictions for weak anti-localization. This discrepancy was observed previ-
ously[163, 166-169], and was explained in terms of the dominance of electron-electron
interactions in the temperature dependence of the resistance in the low temperature-
range where localization effects are relevant.

To get more insight into the localization cffects in the thin films, magnetoresistance

studies were carried out. Figure 5-12 presents the temperature dependence of the
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Figure 5-11: Temperature dependence of the resistance of a 6-nm thick continuous
gold film on a glass substrate (2 K < T < 30K). The inset shows data for temperatures
up to 270 K.
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Figure 5-12: Temperature dependence of the resistance, normalized to the resistance
at 30 K, of a 33-nm thick bismuth film on a Whatman filter, at various magnetic field

strengths.
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Figure 5-13: Temperature dependence of the resistance, normalized to the resistance

at 30K, of a 33-nm thick bismuth film on a glass cover slide, at various magnetic field

strengths.
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normalized resistance of a 33 nm thick antidot array bismuth film with a magnetic field
applied perpendicular to the film, while Fig. 5-13 shows the corresponding data for a
continuous bismuth film. The measurements show that the magnetic field increases
the film resistance, as expected from the weak anti-localization effect and from the
classical magnetoresistance effect in bismuth. Interestingly, at high magnetic field the
lineshape of the curve of resistance vs. In(T") is linear in the low temperature region,
as is also observed for continuous films. Both the temperature dependence and the
magnetic field dependence of the normalized resistance are more pronounced in the
antidot array film than in the continuous film.

The temperature dependence studies indicate that both electron-electron interac-
tions and weak anti-localization effects are relevant to the transport in the thin films.
The weak anti-localization effect thus is studied through the analysis of the mag-
netoresistance, since the electron-electron interaction is not affected by the external

magnetic field.

5.3.2 Low-Temperature (0.45 < T < 4.2 K) Magnetoresistance

Measurements with the *He Setup

The transverse magnetoresistance of continuous and antidot array bismuth filins,
33 nm in thickness, was recorded at several temperatures in the range of 0.45-4.2 K
(1.3K, 1.8K, 2K, and 4.2K for the antidot film and 0.45 K and 1.8 K for the continu-
ous film) and magnetic fields up to 7 Tesla. The results for a Whatman filter substrate
are shown in Fig. 5-14. The results for a glass substrate are shown in Fig. 5-15. The
oscillations observed in the data are an artifact originating from the current-loading
mechanism of the superconducting magnet, and their oscillation period changes with
the ramping rate of the maguetic field strength. Indicated in the figures by a vertical
dashed line is the magnetic field at which the magnetic length Ly = \/W equals
the film thickness of 33 nimn.

Comparison between the two sets of results again shows that the weak anti-

localization effect is more dominant in the antidot array film than in the continu-
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Figure 5-14: Transverse magnetoresistance of a 33-nm thick antidot array bismuth
film on a Whatman filter substrate at various operating temperatures. The vertical
dashed line corresponds to the field strength at which the magnetic length is equal

to the nominal film thickness.
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Figure 5-15: Transverse magnetoresistance of a 33-nm thick continuous bismuth film
on a glass substrate at two operating temperatures. The vertical dashed line corre-
sponds to the field strength at which the magnetic length is equal to the nominal film

thickness. The inset is a magnification of the low-field region.
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ous film. For instance, at 1.8K and 1 Tesla, a magnetoresistance of only 0.5% is
observed in the continuous film, while a magnetoresistance of 1.75% was recorded
for the antidot array film. Moreover, there is little temperature dependence in the
magnetoresistance of the continuous film between 0.45K and 1.8 K, while the antidot
array film shows a clear temperature dependence of the magnetoresistance at low
magnetic field strengths. At large magnetic fields, where classical effects dominate
the magnetoresistance, there is no significant temperature dependence (i.e. the curves
become parallel). Since the maximum temperature of operation of the 3He probe--
electromagnet setup is 4.2 K, no measurements could be made at temperatures in
which the weak anti-localization is negligible (T>>15K). As a result, an estimation of
the relative contributions of the classical and the weak anti-localization effects to the
magnetoresistance could not be made. Without a good estimate for these relative
contributions, quantitative lineshape analyses of the magnetoresistance curves, that
provide information regarding the different scattering rates in the films, could not be
made. There is no noticeable anomaly in the longitudinal or transverse magnetore-
sistance data at Ly=33nm (B=0.15Tesla). This value corresponds to a single fluxon
fitting in the thickness of the film, and is material independent. Such anomalies have
been observed in bismuth nanowires.[170] Lower values of the magnetic field below the
measurement resolution (60-100 mTesla) correspond to a fluxon fitting in the rings
formed around the pores or in a bismuth constriction between pores. A sharp change
in slope in the magnetoresistance was only observed in the low temperature data from
continuous bismuth films (see Fig. 5-16) at 200-350 mTesla, which, as will be shown
here, might correspond to the elastic scattering rate of the carriers. It is not likely
that the knee at ~300 mTesla indicates that the true film thickness was reduced to

23 nm (due to oxidation, for example).
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Figure 5-16: (a) Longitudinal magnetoresistance and (b) transverse magnetoresis-
tance of a 33-nm thick continuous bismuth film on a glass substrate, showing a change

in slope at 340 and 200 mTesla, respectively.

5.3.3 Low-Temperature (2K <T <30K) Magnetoresistance

Measurements with the MPMS Magnetometer Setup

The transverse magnetoresistance of continuous and antidot array bismuth films,
33 nm 1n thickness, was recorded in the temperature range of 2-30 K and in magnetic
fields up to 5 Tesla. The results for an antidot array bismuth film on a Whatman
filter substrate are shown in Fig. 5-17. The results for an antidot array bismuth film
on a patterned silicon substrate are shown in Fig. 5-18. The results for a continuous
bismuth film on a glass substrate are shown in Figs. 5-19.1

Comparison between the two sets of results again shows that the weak anti-
localization effect is more dominant in the antidot array film than in the continu-
ous film. Moreover, the temperature dependence in the magnetoresistance of the

continuous film is weak, while the antidot array film shows a more pronounced tem-

L Aging affects the electrical properties of the bismuth film in two ways: the resistivity of the il
increases, indicative of the progression of ambient oxidation, and the magnetoresistance of the film
also increases, indicating that annealing occurs at room temperature and the mobility increases with

time,
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Figure 5-17: Transverse magnetoresistance of a 33-nm thick antidot array bismuth
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film on a Whatman filter substrate at various operating temperatures.
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Figure 5-18: Transverse magnetoresistance of a 33-nm thick antidot array bismuth

film on a silicon substrate at various operating temperatures.
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Figure 5-19: Transverse magnetoresistance of a 33-nm thick continuous bismuth film
on a glass substrate at various operating temperatures. The lower set of results was

obtained from the same sample two months earlier.
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perature dependence of the magnetoresistance at low magnetic field strengths. At
large magnetic fields, where classical effects dominate the magnetoresistance, there is
no significant temperature dependence in any of the data sets (i.e. the curves become
parallel). The slope of the curves at large fields is larger for the continuous films,
indicating that the carrier mobility is higher in these samples. This is understood
in terms of the superior crystal quality of the continuous samples grown on glass, in
which the carriers follow parallel to the (001) planes. In the antidot array films, the
carrler trajectories are interrupted by the pores, and by the higher misorientation
of the bismuth crystallites. Furthermore, the glass surface is flat, while the anodic
alumina surface is rough on the nanometer scale.

The results were analyzed according to the weak localization theory predictions
[162,163] to obtain the effective scattering rates of the carriers in the films. The
correction to the conductivity AG(B) due the weak anti-localization (relative to a
hypothetical sample with no weak localization) is given by
e’A 1 El 3 o 1 H,

1 Hs
_ ", :
2m2h (

1

AG(B) =

where A is a constant factor related to the geometry of the film, ¥ is the Digamma

function, and Hy, Hy, Hy are scattering fields given by (assuming no magnetic scat-

tering):
H = Hy+H, , (5.3)
H, = HH—%HSO , (5.4)
Hy = H, . (5-5)

Here the indexes (subscripts) stand for the following scattering processes: 0 — elastic
scattering; 7 — inelastic scattering; so — spin-orbit scattering. The scattering fields H,
are related to the scattering rate constants 7, through the carrier diffusion constant
D = v}7.5¢/2 by

h
H, 7. =—— . 5.6
T de ) (5-6)

In many materials the main contribution to the magnetoresistance is from the

weak localization effects (see, for example, our measurements on gold in Fig. 5-3),
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but in bismuth the large carrier mobilities, the large anisotropy of the carrier effec-
tive mass, and the substantial non-parabolicity in the E(k) dispersion relation, lead to
large classical magnetoresistance effects. Thus, for the analysis by Eq. 5.2, it is neces-
sary to approximate the magnetoresistance curve baseline which includes the classical
effect but not the localization effect. For this purpose it was assumed that the exper-
imental magnetoresistance curve at 30 K does not contain localization contributions.
However, the resistance of bismuth and the classical magnetoresistance are also temn-
perature dependent, so the 7=30 K curve cannot be used as a baseline for any other
temperature without modifications. The functional shape of the magnetoresistance
baseline curve was defined as a second degree polynomial, but different coeflicients of
the polynomial were chosen for the low-field range (B=0-0.5 Tesla), in which the mag-
netoresistance is approximately parabolic with respect to the field, and the high-field
range (B—2-5 Tesla), in which the magnetoresistance is approximately linear with
respect to the field. The high field coefficients were found by a least-squares fit to the
experimental data, as it is assumed that no contribution of localization remains at
high fields. The low-field coefficients were found for the 30K data by a least-squares
fit, and for the 2K data (the lowest temperature of measurement) by factoring the
30K fitted curve so that the curve fits the 2K high-field data. The low-field coeffi-
cients for the intermediate temperatures (2.5 10K) data were obtained by assuming
the magnetoresistance coefficient (o in R(B)=R, + aB?) depends on temperature as
T2, as was previously reported for single crystal bismuth in the temperature range
T=4-16 K[159]; however, for the silicon substrate the magnetoresistance coefficient
o was found to be practically temperature independent. The transition between the

two sets of parameter was smoothed by hyperbolic tangent functions in the form:

R(BrT)base!ine - (% - %tanh((_l';ﬂfo_))) * (Ro(T) + CV(T)BQ)

r

+ (% + %tanh((x—;m—()))) * (e1(T) + ea(T) * B+ es(T) » B?) 57

where T, is the transition point,  is the transition width, and {c1, ¢z, c3} are the high-

field second-order polynomial coefficients. In order to fit the experimental results
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Figure 5-20: Log-log plot of the temperature dependence of the fitted scattering field
values H;, Hy, andH,, and of the value of fitting parameter A for the magnetoresis-
tance data from a Whatman supported antidot array thin bismuth film. The dashed
line is the best fit of the temperature dependence of the values for /; to a power law

T?.

to Eq. 5.2, the experimental AG(B) at a given temperature was calculated as the

difference

1 1
R(B.T)erp  R(B,T)oasciine

AG(B:T)exp - (5'8)

The fit was carried out by repeatedly adjusting the values of A, Hy, H;, and H,, in
Eq. 5.2, to reduce the square-differences between the AG,,p data points from Eq. 5.8
and the values calculated by Eq. 5.2.

Figures 5-20, 5-21 and 5-22 show the fitted values of A, H,, H;, and H,, thus
obtained as a function of temperature for a bismuth antidot array film on alumina
and on silicon, and a continuous film on glass, respectively.

The fitted values for the coefficient 4, which were expected to be constant and
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Figure 5-21: Log-log plot of the temperature dependence of the fitted scattering field
values H;, Hy, andH,, and of the value of fitting parameter A for the magnetoresis-
tance data from an antidot array thin bismuth film on a patterned silicon substrate.
The dashed lines are fits of the temperature dependence of the values for H; to a

power law TP,
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Figure 5-22: Log-log plot of the temperature dependence of the fitted scattering field
values H;, Hy, andH,, and of the value of fitting parameter 4 for the magnetoresis-
tance data from a glass supported continuous thin bismuth film. The dashed line is

the best fit of the temperature dependence of the values for H; to a power law T?.
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equal to the sample’s width-to-length ratio (1£0.2 for the samples analyzed here),
are in relatively good agreement with that expectation. The values for Hy and Hy,
are practically temperature independent, again in good agreement with the expec-
tations. The fitted values of H; show a clear temperature dependence, which was
approximated as T? for the antidot array film on the Whatman substrate, and as T24
for the continuous film. In the case of the antidot array film on silicon, the temper-
ature dependence of H; does not follow a simple power-law. At high temperatures
(4<T<10K) the behavior was approximated as T?3, while at lower temperatures the
power is smaller than 1.25. When the value of H; reaches 150 mTesla at high tempera-
tures, a strong deviation from the power law describing the low temperature behavior
is observed. This deviation is attributed to the transition from a two-dimensional to
a three-dimensional weak anti-localization system, as the phase-breaking length, Ly

given by

ho [ &

L, =
¢ 4eH, deH; '’

(5.9)

becomes comparable to the film thickness of 33 nm. In the three-dimensional weak
anti-localization regime, Eq. 5.2 is no longer applicable. Also, as the temperature
increases, and the inelastic scattering rate becomes comparable with the other scat-
tering processes, the weak anti-localization contribution to the magnetoresistance
diminishes and the significance of the fitted values becomes questionable. The values
of H; for the different samples are in accordance with the experimental values of the
sheet resistivities: The lowest sheet resistivity of 476 Q2 was measured for the film on
the glass substrate, for which H; at 2 K has the value of 2 mTesla. The film on silicon
had a sheet resistivity of 549 Q and H; of 4 mTesla. The highest sheet resistivity was
recorded for the film on the Whatman substrate (1921 §}) with H; values starting at
20 mTesla. Thus, the fitting procedure correctly assigned higher inelastic scattering
rates to the more resistive films. The values of the other scattering fields do not
change as much from sample to sample, although the average value of Hy and M,
for the film on the Whatman substrate were lower by a factor of 2 compared to the

other samples.
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Earlier works on the weak anti-localization effect in bismuth thin films have also
nvestigated the temperature dependence of H;, or 7;. Beutler and Giordano[163]
reported that 7;('T) is proportional to TP, where p=1.4540.1 at T=0.1-5 K. Komori
et al.[167] found 7;(T) is proportional to T~! below 1K and to T-2 between 2-10 K.
However, from their conductivity vs. temperature analysis, both works obtained
p = 1. Woerlee et al.[171] obtained from the magnetoresistance analysis an increase
in the power value, from 0.7 at 0.1K to 1.8 at 4.2 K. White and McLachlan[169] also
obtained that 7;(T) is proportional to T~! and T 2, except that they determined
the cross-over temperature to be 3K. Interestingly, for films evaporated on heated
substrates (323 K) they reported a single power law of 7;(T) = T~'® for the entire

temperature range of 1.4-15K.

The observed temperature dependence effects in our films are explained by consid-
ering the various possible electron scattering mechanisms in the films and their tem-
perature dependence. The inelastic electron-electron scattering (for non-interacting
electrons) is proportional to kT?/ep.[172] However, it can be lower in disordered
systems (T'° in 3-D, T~ in 2-D).[173] The inelastic electron-phonon scattering is
proportional to T* in 3-D below the Debye temperature, but might change to 772 in
a 2-D system.[174] The electron-electron interaction gives rise to a In(T) dependence
of the conductivity, with a prefactor showing a magnetic field dependence|175]. This
factor, however, was not taken into account by Eq. 5.2. Thus, it has been suggested
that the results of the analysis of the weak anti-localization effect in the magnetore-
sistance describe a transition in the dominant scattering mechanism in bismuth films,
from an inelastic electron-electron scattering mechanism proportional to T~! to an
electron-phonon scattering mechanism proportional to T2 or T2, at higher temper-
atures. It is interesting to note that the mobilities in bismuth depend on temperature
as T2 in this temperature range (T=4-16 K)[159], but the correlation between mobil-
ities and scattering rates (i.e. between mean-free path and phase-coherence length)
is not straight forward because small-angle scattering is prevalent at low tempera-
tures.{174] Due to possible errors associated with the fitting procedure and to the

narrow temperature window available for the measurements (2-10K), it is risky to
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speculate whether real differences exist in the temperature dependence of the inelastic
scattering processes in films with different morphologies. The more disordered nature
of the film on the Whatman substrate might be the reason for the lower value of the
power p in TP observed in this sample. Hall measurements also suggest a modest
reduction in the carrier density in this film compared to the film grown on glass. This

difference would shift the cross-over temperature to higher values.

One possible explanation for the enhancement of the weak localization effect in
the antidot array films compared to the continuous films is the selective enhancement
of the elastic scattering rate over the inelastic scattering rate in the antidot array
films. The antidot morphology could alter the scattering rates in that fashion, since
it introduces a “hard-wall” scattering potential at the bismuth-pore interfaces in
addition to the weak, fluctuating potential due to grain boundaries in the films. A
larger Ho/H; ratio in the antidot films would result in a larger magnetoresistance
correction AG(B). However, the above analysis of the experimental results does not

seern to indicate such an increase in the Hy/H; ratio.

It was found, however, that the fitted results depend significantly on the details
of the baseline and the fitting procedure that were chosen. In particular, the values
of H,, and H, appeared to have a relatively weak effect on the convergence of the
fitting procedure. Thus the error in these values is expected to be high. Significantly
different values for H; were obtained depending on the values set for Ro(7) and
o(T). There was no rigorous method to improve the estimate of these two low-field

parameters.

Finally, fits were carried out simultaneously for curves obtained from an individual
sample at different temperatures. For each sample, the values of A = w /L and ¢ =
H,,/ Hy[176,177| were set to be temperature independent. The values of AG(B, T )exp
were set to zero at high fields, as an additional constraint to improve the fits. By
this procedure, smaller ranges of temperature could be properly fitted to Eq. 5.2 as
compared to the results shown in the previous figures, where A and £ were allowed to
be temperature dependent, because of the lower number of degrees of freedom (2n+2

parameters vs. 4n, where n is the number of curves to be fitted). The inability of
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the simultaneous-fitting procedure to account for the higher temperature results, in
most cases, was related to the transition to a three-dimensional localization regime
and to the breakdown of the condition H; << H,,, Hy. In few other cases, the false
results from the fitting indicated improper background subtraction. The parameters
obtained from the simultaneous-fitting are presented in Table 5.1. The simultancous-
curve fitting differs significantly from the individual-curve fitting in the temperature
dependence of H; (except for the case of the sample on the silicon substrate). The
calculated values for A are again close to the experimental values. The ratio H,, / Hy,
which corresponds to the efficiency of momentum-scattering events to scatter spin,
and 1s estimated to be equal to 0.5-1 for bismuth[177], was found to be uniform
across the samples. This, together with the values calculated for the elastic scattering
rates, indicates that the carrier scattering in the bulk of the material is the dominant
scattering mechanism regardless of morphology, and the porous structure does not
play a significant role. It is estimated that the constrictions between the pores need to
be reduced below 20 nm in width for the porous structure to alter the elastic scattering
rate. The morphology did affect the inelastic scattering rate, and correspondingly the
films on a porous anodic alumina substrate show a lower sheet conductivity.

One condition that was not obeved in our fitting procedure is that the magnetic
length Ly = \/m should be larger than the film thickness. This condition
restricts the analysis to data from magnetic fields below 0.15Tesla. However, we
see in the data that the weak-localization effect is significant at much higher values
of magnetic field strengths. While the condition of two-dimensionality of the films
with respect to the coherence length L, was taken into account (Eq. 5.9), a second

coherence length results from the inclusion of spin-orbit interactions[178]

h
Loz = \/4e(Hi +4H,,/3) (5.10)

which for our samples is at most ~24nm. Therefore, for some coherence processes
involving spin-orbit scattering, our samples lay in the three-dimensional regime, which
might require a modified version of Eq. 5.2 for mixed-dimensional systems.[178] The

theoretical development of these corrections is beyond the scope of this work.
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Table 5.1: Transport parameters obtained from the analysis of the magnetoresistance

measurements of 33-nm bismuth films in terms of the weak anti-localization effect.

continuous film

antidot array

antidot array

properties on film on film on
glass porous alumina | patterned silicon
Ggqlexp. T=30K) 2.1 0.52 1.82
(1073 Q1]
Hg (calc.) [Tesla) 0.24-0.52 0.25-0.41 0.45
H,, (calc.) [Teslal 0.19-0.42 0.19-0.32 0.37
e =H,,/Hy 0.808 0.77 0.815
A (exp.) 1 0.8+0.1 1
A (cale)) 0.82 0.69 0.985
= G (cale) 1.22 1.35 +0.15 | varies (1.6 -2.6)
H; (calc. T=2K) [Tesla] 0.005 0.019 0.004
valid temp. range [K] 2-6 2-5H 2-6
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5.4 Weak Anti-Localization and Electron-Electron
Interaction Effects in the Conductivity of Bis-
muth Thin Films

It was shown in Sect. 5.3.1 that the temperature dependcnce of the resistance of
the films shows fingerprints of the Coulomb interaction, while the magnetoresistance
studies show the presence of weak anti-localization. Both these processes contribute
simultaneously to the observed electrical behavior of the films.

It has been noted that theory[162,163,175] predicts a In(T) dependence in the
temperature-dependent conductivity in two-dimensional systems. The weak anti-

localization correction is

AR e? e’p
AGWAL = =Tr = a0/ =~

In(T/7) (5.11)

and the electron-electron interaction correction is

2 %

e
AGypr = —ng Hin(amoT) (5.12)

In the above equations 7; = 777, and g* = (1 — 3F/4) at zero field and (1 — F/4)
at high field, where F' has a value between 0 and 1. The value of the conductance

quanta appearing in the coefficient in Eqgs. 5.11-5.12 is
2

2m2h,

go = =1.235« 10~°ohm™" . (5.13)

Since the conductivity is the natural quantity for describing the electrical prop-
erties is this context, the data from Figs. 5-10, 5-12, and 5-13 are depicted again in
Figs. 5-23--5-25 in terms of the sheet conductivity of the films.

Figure 5-23 shows that the linear dependence on In(7') is only valid for the glass-
supported continuous film, and only for a small temperature range (T<4K). The
linear relation with in(7"), however, is only expected within a temperature range of a
fixed power law in the temperature dependence of 7;. As it was shown in Sect. 5.3.3,
this is not the case for at least one of the films. Figure 5-23 suggests there should be a

variation in the values of p in the temperature range under examination. The inset in
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Figure 5-23: Temperature dependence of the sheet conductivity, normalized to the
sheet conductivity at 30K, of 33-nm thick bismuth films on various substrates: (e)
patterned silicon, (O) Whatman filter, (¢) PAA on an oxidized wafer, and (A) glass

(continuous). Inset: The absolute sheet conductivity of the various films in the

temperature range 2-300 K.
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Figure 5-24: Temperature dependence of the sheet conductivity of a 33-nm thick
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bismuth film on a glass cover slide, at various magnetic field strengths.
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Fig. 5-23 also indicates that the conductivities of the films vary largely from substrate
to substrate. The implications of this difference will be discussed in Sect. 5.5,

Figure 5-24 shows the sheet conductivity of an antidot array bismuth film on a
Whatman substrate. Fitting to the linear portions of the curves provided values of
7.00-107° ' and 7.4- 107 Q! for the high field and zero field slopes, respectively.
Figure 5-25 shows the sheet conductivity of a continuous bismuth filn on a glass
substrate. Here, the slopes are 9.95-107% Q™! and 3.75- 1077 Q! for the high field
and zero field slopes, respectively. It is immediately noticed that the difference in the
slopes is 6.2 - 107% Q=% in both cases, or 0.5go. From Eqs. 5.11 and 5.12 it follows
that

OAG(B >> H)) —AG(B=10) € @y F
oln(T) Com2hi2 2

)=05g0- (p+ F)
(5.14)

By subtracting the slopes, the contributions of field-independent processes, such as

thermal carrier excitation, to the conductivity were canceled, and the relation
p+F)=1

obtained by others[163, 167] was recovered.

5.5 Analysis of the Magnetoconductance

So far, there has been no evidence for a significant dependence of the transport
mechanisms on film morphology (antidot array ws. continuous): The temperature
dependence of 7;, the values of Hy and H,,, and the sum p + F appear to be similar
for bismuth films on glass, on alumina, and on silicon. The ratio 7 /70 is actually
more favorable for the continuous film. Yet the effect of the weak anti-localization in
the magnetoresistance is distinctively more prominent in the antidot array films. Tt
1s necessary, however, to analyze the results in terms of, not the magnetoresistance,
but the natural variable: the absolute sheet conductivity. Figure 5-23 has already

indicated that large differences in the absolute conductivity of the films exist.
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Figure 5-26 shows the magnetic field dependence of the sheet conductivity of the
various 33-nm thick bismuth films. The sets of curves in each graph corrcspond to
measurements at various temperatures between 2K and 30 K showing a monotonic
increase in conductivity with increase in temperature. For the sake of comparison,
the scale of the y-axis in all the graphs is uniform (full range=10~* Q~!). Clearly, the
classical magnetoresistance effect dominates the behavior of the high conductivity
samples on glass, while weak anti-localization dominates the behavior of the more
resistive antidot array films. Figure 5-27 zooms in on the low field region of each
graph, where classical magnetoresistance effects are weak. The data are plotted with
respect to the zero field conductivity, the natural variable by Eq. 5.2, for comparison.
This representation shows that the magnitudes of the weak anti-localization effect in
the films are comparable with each other. The weakest effect is observed for the film
on alumina, for which a low 7,/ ratio was calculated. This picture is consistent with
the results for H, obtained from the fittings.

The effect of film morphology on the weak anti-localization effect is suggested to
be indirect. The antidot array film morphology is responsible for a decrease in the
film sheet conductivity, through the decrease of the film volume, and effectively its
cross-section. The antidot array morphology also introduces a moderate increase in
scattering rates due to grain boundaries (particularly with the alumina substrate).
This is advantageous for reducing the magnitude of the classical magnetoresistance,
and thus emphasizing the weak anti-localization effects, which in the case of bismuth,
are weaker in magnitude. As a result, the contributions from weak anti-localization
effects to the conductivity can be observed and analyzed over a wider range of mag-
netic field strengths (and temperatures). Furthermore, in the natural variable for
measurements and applications, the magnetoresistance (MR), the change in resis-
tance is magnified compared to the change in conductance proportionally to the sheet

resistance:
MREAR/R=AG-R . (5.15)

The antidot array, thus, augments the weak anti-localization effects for detection
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Figure 5-26: Field dependence of the sheet conductivity of 33-nm thick bismuth films

on various substrates, at various operating temperatures between 2-30 K.
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as a function of magnetic field of 33-nm thick bismuth films on various substrates,
at various operating temperatures between 2-30 K, zooming in the low field region,

where the conductivity is dominated by weak anti-localization effects.
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through the magnetoresistance, but does not alter it. Thus, the original propertics
of the continuous metallic film can be studied with more ease through the nanostruc-
tured film. With a reduced contribution of the classical magnetoresistance, the fits to
Eq. 5.2 are more accurate, and the determination of the scattering rates is improved.
This was best demonstrated in the case of the film on the silicon substrate: The
weak anti-localization effects arc as strong as in the continuous films, but the classi-
cal magnetoresistance contribution is weaker. Thus, the change in the temperature
dependence of H; near 3K could be clearly resolved. In the other films, this complex
temperature dependence seems to have been blurred by the errors introduced by the
fitting procedure (due to a large classical magnetoresistance in the glass substrate
film, and a small weak anti-localization effect contribution in the alumina substrate

film).

5.6 Summary

The magnetoresistance properties of thin bismuth films, lacking or possessing nano-
scale porosity, were analyzed. Both classical and interference effects (weak anti-
localization) were observed. The films with antidot array morphologies had higher
sheet resistances, but similar weak anti-localization characteristics, compared to con-
tinuous films. The change in resistance in the magnetic field AR(B) from the classical
magnetoresistance is proportional to R, and from the weak anti-localization is pro-
portional to R%. As a result, in the antidot array films, the weak anti localization
effect appears more pronounced. The nanoscale porosity thus can be used to facilitate
the determination of scattering rates in system with high mobilities, such as bismuth
and 2-DEG in semiconductor inversion layers.

From the scattering rates that were calculated from this work, it is suggested
that the width of the constrictions between the pores need to be comparable in size
to the film thickness in order to substantially affect the scattering rates. The film
thickness needs to be reduced in order to investigate a wider temperature range and

verify the cross-over in the inelastic scattering mechanism. A transition between one-
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dimensional and two-dimensional weak localization should be expected as well. To

achieve that, special care will be necessary to prevent the oxidation of the film.
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