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Abstract

OPTIMIZATION OF A MULTILAYER ALUMINA TEMPLATE FOR
ELECTROCHEMICAL DEPOSITION OF QUANTUM WIRES AND QUANTUM
DOTS
By

Ataul Aziz Ikram

Advisor: Professor David Crouse

With advances in fabrication techniques, it is becoming possible to tap into low
dimensional physics of materials, and the favorable characteristics exhibited by these at
quantum scales, for applications in devices in general. Device applications range from
electrical, optical, mechanical, to chemical and biological. Confinement in one, two or
three dimensions, are achieved in quantum wells, wires and dots, respectively. These
structures each have their own advantages in fabrication and trade offs with respect to the
cost in fabrication convenience, and relevant applications. This thesis presents a
previously developed multilayer alumina template, and optimizes the template for
quantum wire and dot fabrication. Issues such as structural integrity, material quality, and
reproducibility of fabrication results are improved upon for tech transfer purposes, and
for scaling up to industrial size wafers. The resultant template is shown to be an excellent
host for electrodeposition for semiconductors and metals. An overview of nanowire
device applications is presented, with some background of the physics involved, and

simulation results describing quantum wire infrared photodetectors, based on the same.
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This is followed by a general description of aluminum anodization and the newly
developed multilayer template that has desirable characteristics as a host for quantum
wire fabrication. Lastly, quantum wire and quantum dot fabrication results are outlined.
Characterization of the electrodeposited material is described, with favorable results

depicting quantum confinement effects in the structures grown.
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Chapter 1 Introduction

As advances in technology begin to allow fabrication and characterization in the
nanoscale regime, more and more research is being conducted in this area. Quantum
confinement effects modify the physics of materials, and properties can be tailored for
device applications. Device applications range from electrical, optical, mechanical, to
chemical and biological. Confinement in one two or three dimensions, are achieved in
quantum wells, wires and dots, respectively. These structures each have their own
advantages in fabrication and trade offs with respect to fabrication cost, convenience, and
applications. This thesis proposes a device structure based on quantum wires within a
newly optimized alumina template that uses intersubband absorption mechanism for
infrared photodetection and optimizes the multilayer template that is the starting material
for such a device structure. The simulation results for materials absorbing in the IR
regime show that such a device can be fabricated. We present a study of the anodization
of aluminum from a more practical perspective for electrodeposition of II-VI

semiconductor nanowires, so that the technique can be scaled for mass production or



tech-transfer to the industry. The thesis starts with an overview of nanowire device
applications, with some background of the physics involved, and simulation results
describing quantum wire infrared photodetector device structure. An overview of the
anodic alumina is presented with an introduction to a newly developed multilayer
template that has desirable characteristics as a host for quantum wire fabrication. The
challenges to improve the process for better and reproducible results of fabrication are
then addressed. Following this, fabrication techniques of quantum wires is presented,
with recent results of porous templates as hosts for growth. This is followed by structural

and optical characterization of the quantum structures.

1.1  Background

II-VI semiconductors have a fundamental bandgap that falls in the visible spectrum to the
near infrared from 1.43eV to 2.713eV (457nm-867nm). With quantum confinement
effects the fundamental bandgap sees an increase [1] as well as a shift in the lowest
energy level in the conduction band and the highest level in the valence band. In addition
there is a significant change in density of states at low dimensions. The energy states are
discretized and spread apart as dimensions of structures are decreased in all directions.
These two very important phenomena are the founding properties for photodetecting
applications utilizing semiconductor nanostructures. We are interested in LWIR and
MWIR photodetection. A sample wavelength of Sum corresponds to a fundamental
bandgap of 0.25eV.

There are two windows that are used in the infrared spectrum. Radiant emission from
objects at ambient temperature (300K) will pass through atmosphere unaffected if it is in

one of these windows or bands, i.e. the 3-5um band and in the 8-14um band. Other



emissions in the spectrum are absorbed by carbon dioxide and water vapors. The

windows are shown in Fig. 1 [2].
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Figure 1: Atmospheric transmission windows in the infrared range of the optical

spectrum, taken for transmission through 300m of humid air at sea level [2]

1.1.1 Types of Photodetectors

Three types of infrared photodetectors exist, intrinsic, extrinsic and quantum structure
(well/wire/dot) photodetectors [2]. The basic principle of operation of intrinsic and
extrinsic photodetectors is that, photons are excited from the valence band to the
conduction band if an incident photon of energy larger than the bandgap is absorbed by
an electron in the valence band, and on applying a bias, may be recorded as current. The
wavelength of absorption is thus controlled by the fundamental bandgap E,. Tuning the
wavelength of absorption therefore translates to engineering of the bandgap, which may
be achieved by altering the composition of the materials being used for device operation,
in case of alloys. In case of direct bandgap intrinsic infrared photodetectors based on II-
VI alloys of (Hg,Cd)Te, or (Pb,Sn)Te, varying the composition of Hg/Cd, and Pb/Sn may

allow absorption from 3um to 15um by tuning the bandgap from 413.3 to 82.7meV [2].
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Figure 2: Schematic of Band to Band Absorption by a photon

However, one of the main disadvantages of these photodetectors is the fabrication cost.
This is due to the fact that materials with such small bandgaps are soft, and it is difficult
to grow and process large area wafers [2].

The second type of photodetectors is called extrinsic photodetectors where an impurity
band is introduced in the bandgap due to doping. Absorption, hence takes place from the
impurity band to the conduction band, wherein it can be recorded as current at application
of a bias. These types of detectors are limited by the materials available for doping and
hence the absorption wavelengths are also limited [2].

This brings us to the photodetectors based on quantum structures, i.e. wells, wires, and
dots. Quantum well devices are well researched and may employ intersubband absorption
as the mechanism of operation. These structures are very promising, as the wavelength
can be tailored effectively, and being based on semiconductors such as GaAs, the growth
and processing technologies are mature [2]. This provides the possibility of
manufacturing high uniformity, reproducibility, and large area low cost arrays. As it is

possible to accurately control band structure, the spectral response can be effectively



controlled, as well as integration with GaAs multiplexers and other electronics [2]. The
drawback however, is the inability to detect normal incident radiation for n-type quantum
wells. Recently however there has been some promise of possible absorption utilizing p-
type material based QWIPS [3]. Compared to bulk direct bandgap semiconductors such
as (Hg, Cd)Te, photodetectors based on this structure also depict lower quantum
efficiency, and lower responsivity. The inability to detect normal incident light can be
rectified by using a grating or corrugated surface. This allows for the electric field vector
to be aligned parallel to the current dipole of the confined charge, so that it can be

absorbed [2].

1.2 Dissertation Objective

This dissertation describes the optimization of a multilayer template that can be used as a
host for electrochemical deposition of I VI semiconductor quantum wires, and quantum
dots. Based on this material system, we propose a novel device structure. The proposed
device structure that this research work is aimed at fabricating eventually is a
photodetector in the infrared region based on quantum wires heterostructures. This may
be achieved by using semiconductor materials, employing nanowires, or nanodots, or
combinations thereof. Utilizing quantum dots exclusively has the disadvantage that it is
difficult to provide connections to the ends of the structures [4].

Quantum wires on the other hand are easier to connect, and also have the advantage of
absorbing normal incident light, as opposed to quantum well structures wherein
intersubband absorption between a pair of bands can occur either in the normal to plane
polarized light or in plane polarized light [5]. Quantum dot intersubband absorption

promises to be higher compared to QWIPS and HgCdTe band to band detectors, by



several orders of magnitude [6], and also depends on polarization of the incoming light
[7].

We want to utilize quantum wires for intersubband absorption in devices based on
quantum wires, for infrared detection. In addition to the main advantage, i.e. normal
absorption, over bulk HgCdTe and QWIP detectors, it is easier to tailor the absorption
wavelengths by modifying the radii and materials involved in the device with these
structures. The immediate application would be the ability to grow the material on a
substrate of choice, such as silicon, that allows for readout circuitry to be fabricated with
great case.

Quantum wire fabrication has been studied in great detail in the past decade, and a
myriad of fabrication procedures are being explored in general, and fabrication involving
porous membranes such as alumina, are also available in literature. The technique utilized
in this work is electrochemical deposition within an alumina template. The motivation is
the development of a multilayer template that allows for fabrication of nanowires within
by the possibility of having a platinum metal at the pore base. The novel aspect in this
type of fabrication is the fact that the anodization template is fabricated using a one step
anodization and barrier layer removal in situ, and the nanowire growth can then be done
using DC (direct current) electrochemical deposition, instead of AC (that is needed if a
barrier layer is present). This procedure is known to yield nanowires of very good quality
[8], and the technique can be easily extended to a variety of II-VI semiconductors and
other materials, with well researched thin film deposition literature available. Recently,
there is work in the area of III-V semiconductor nanowire fabrication by

electrodeposition in anodic alumina templates [9]. The development and characterization



of the alumina template will be described later in this thesis.

121 Quantum Wire Heterostructures

The device structure that will be using the nanowires mentioned above is briefly
described next. The material consists of an array of nanowires shown in Figure 3. The
nanowires consist of two different materials with some constraint on the range of
effective masses, and band offsets of the heterostructures, that will allow for absorption
in the IR regime. The calculation is provided in a later chapter. A simple explanation of

the device operation based on such a combination of materials is given as follows:

() :
C D Nanowires ‘
(I —L )
- - @ @
Acuve\

. ® @

Barrjer

(a) Cross Section: Free (b) Top View: Wires in

standing Wires Alumina Template

Figure 3: (a) Schematic of Nanowire Heterostructures (b) Nanowires within Alumina

Template

The energy bands are discretized as is expected at the nanoscale (wires may vary between

10 nm to 100 nm in diameter). The choice of materials is such that the lowest energy



band on the barrier side of the nanowire aligns with the second energy band of the active
barrier. Both of the materials are nonintentionally doped. In this case the lowest energy
level on the active side of the wire, is populated with electrons, that may be excited by
incident of photons with energy hv such that E,-E;> hv.At the application of a bias, these
electrons can tunnel across the interface between the different materials, and thus can be
recorded as a photocurrent. The energy difference can be tailored such that the absorption
energy corresponds to a wavelength in the spectrum of choice, and can easily be modified
to absorb in the infrared regime. An example of infrared absorption of radiation at Sum

corresponds to an energy difference of 0.125¢V.

»
|

hv
Material 2

Barrier Wire

Material 1
Active Wire

Figure 4: Intersubband Absorption within Conduction Band and Photodetection in a

Nanowire Heterostructure

The calculation of the energy levels for a given material nanostructure, will determine
what material will be suitable for operation of device based on this concept, which will be

determined by the effective masses and band offsets. For example, the difference between



energy levels on one side of the wire will correspond to absorption wavelength, and
applying a bias the electrons will tunnel through the barrier and be recorded as
photocurrent. If normal incident light falls on the detectors only the QRIP will produce an
appreciable current because of photon absorption selection rules. The concept of
intersubband transitions is also shown along with the transition of the excited electron
from the active wire to the barrier wire in figure 4. The fabrication of this kind of
semiconductor heterostructures has been successfully achieved in porous anodic alumina
templates. A combination of different types of materials have been done, such as metal
metal, metal semiconductor, bimetallic, metal oxide metal, and semiconductor

semiconductor [10-21].

1.2.2 Device Structure

Our idea is to fabricate an intersubband photodetector, and the device structure for such a
detector is given in Fig. 5 [22]. This detector is based on an anodized alumina
nanoporous array. The alumina is fabricated from a multilayer template and fabrication is
explained in earlier works of Crouse et al. [23], and given in the present paper in the

section describing the anodic alumina.



Top metal contact ring

ITO Top Contact
Alumina and Quantum wires

Pt Bottom Contact

Figure 5: One design of a QRIP that uses the multilayer nanotemplate. This one pixel
detector has a Si substrate with a Pt bottom electrode, an ITO Top contact and metal
contact ring. The active wire (white) is next to the substrate and the barrier wire (gray) is

above it and makes an electrical contact with the ITO.

The top electrical contacts may be a transparent conductive oxide, e.g. indium tin
oxide (ITO), as it has been extensively used for electrical contacts for CdS/CdTe solar
cells and thus can also be used for the CdSe/CdTe QRIPs [24-25].

This device structure provides the following advantages with respect to the prevalent
technologies within this area :

e Possibility to incorporate onto a substrate of choice, namely Silicon.
e Possibility to modify the absorption wavelengths by modifying simple
growth parameters in a wide range.

e FEasy and cost effective fabrication technique

10



1.3  Organization

This thesis is arranged as follows. The first two chapters go over theoretical concepts
of photon, phonons and electron-photon, electron-phonon interactions. These will also
provide basis for the fabrication parameters to achieve the absorption wavelength and
requirements of the experimental setup. The following chapter describes anodization in
detail, and how optimization of the multilayer template has been achieved for good
device fabrication, and how issues with material quality, such as adhesion, intermetallic
formation etc have been resolved, and an excellent starting template for electrodeposition
has been progressively achieved. The following chapter will describe electrodeposition of
CdTe quantum dots and quantum wires, and provide characterization results for the same.
The last chapter will conclude the results and provide some information on how these
results can be enhanced into a bigger project that may have broader applications by
involving other materials and more complex structures within the optimized alumina

template.
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Chapter 2 Electron Photon Interaction

2.1 Background

In order to understand the operation of device based on quantum structures it is of
empirical importance to cover the general theory of electrons in semiconductor, including
a simple treatment of time independent Schrodinger’s equation, the dispersion curves
based on the parabolic approximation, and absorption in single quantum wires.

Generally, the energy eigenvalues and eigenfunctions have strong dependence on
symmetry. Due to periodicity of the lattice, the Hamiltonian is invariant under lattice
translations, the spectrum has the form of energy bands separated by forbidden gaps, and
eigenfunctions are Bloch waves. Electron transport in a structure depends on the crystal
structure of the material and is strongly dependent on the orientation of the crystal lattice
(an example being electron mobility) [26].

In case of quantum structures, where quantum confinement stems from shape, and size, it

makes sense to carry out theoretical simulations to predict material properties, and

12



eventually device properties in detail.
The most important effect is the increase of the LUMO (lowest unoccupied molecular
orbital), and the HOMO (highest occupied molecular orbital) commonly referred to as the
bandgap. The values of the bandgap vary with temperature and pressure. The values of
the most common semiconductors and semiconductor compounds are given in Table 1
[27].

Table 1: Bandgap values of some common elemental semiconductors and their

compounds with dependence on temperature and pressure [27].

Semiconductor | E¢(300K) | dEg=dT (meV/oK) | dE¢=dP (meV/kbar)
Si 1.110 -0.28 -1.41
Ge 0.664 -0.37 5.1
GaP 2.272 -0.37 10.5
GaAs 1.411 -0.39 11.3
GaSb 0.70 -0.37 14.5
InP 1.34 -0.29 9.1
InAs 0.356 -0.34 10.0
InSb 0.180 -0.28 15.7
ZnSe 2.713 -0.45 0.7
ZnTe 2.26 -0.52 8.3
CdS 2.485 -0.41 4.5
CdSe 1.751 0.36 5.
CdTe 1.43 -0.54 8

13



2.2 Energy levels in single Quantum Wires:

In the introductory chapter, we had devised a device based on quantum wire
heterostructures of semiconductor. Both of these materials are II-VI semiconductors. The
choice of the semiconductor is done after initial simulation results as described next. The
starting point is to solve the time independent Schrodinger’s equation, and obtain the
energy levels on each side of the nanowire. Once these are calculated we can apply finite
element techniques to calculate the expected absorption in a nanowire heterostructure.

As a starting point, it is assumed that the energy at the band edges (conduction and
valence band) is parabolic in nature, i.e. energy is proportional to the square of the
wavevector k. In the bands the effects on the electron motion are accounted for by taking
its mass as a constant, i.e. effective mass m.. Solving the Schrodinger’s equation under
the effective mass approximation, we will get the energy eigenvalues to the equation.

In general the Schrodinger’s equation that is the principal equation of quantum mechanics
is given by [26]

Yy = o (1)
ot

In the above equation H is the Hamiltonian operator of the system and is given by

hiv?
2m

H=- +V(F) )

V' (7)is the potential energy term , and the first term is the operator of the kinetic energy,

in cylindrical coordinates, it is given by

2 2
vi=l 2,0 +laT+aT &)
pop\ op) pd¢ 0z

The time independent Schrodinger equation can be rewritten as

14



[— L V(f)}w(f) = Ey(7) @
m

In the above equation E is the energy of a particle.

For a quantum wire structure, this calculation can be very easily done by using the
Schrodinger’s equation under a finite cylindrical potential well profile. For a uniform
quantum wire oriented with its axis parallel to the z-axis, with a radius R and electron affinity of

the semiconductor as 7, the electron potential energy profile is assumed to be:

5
0 for r>R )

V(r):{—;( for r<=R

Then solution of the Schrodinger’s equation gives electron wave functions, expressed in terms of

Bessel functions and modified Bessel functions:

a,J, (k,r)exp(i(k.z +m@)) for r<=R

(Dnz(l”,z,ﬁ):{ mY m

6
b K. (k.,r)expli(k.z + m0)) for r> R N

where m is an integer (only m=0 is considered in this calculation), a,, and b,, are coefficients that

are determined by the boundary conditions at ¥=R and normalizing the wavefunction. The terms

k,, and k_, are given by:

2mE  2my

r12: hz + hz _k22 (7)
2mE

k' =— ok 8)

where for confined states in the potential well, the energies of the states £ must be in the range of
—y+ 1’k / 2m < E <k’ / 2m where k. can be any real value in an infinitely long quantum
wire. The values of the energies of the quantum states can be obtained from the solving the
following equation obtained by invoking the boundary conditions at r=R:

Jl(krlR) _ Kl (kVZR)
rl - kr2 (9)
JO (krlR) KO (erR)
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Figure 6: Energy Levels vs. Wavevector kz in CdTe nanowire with a diameter of 20 nm

As can be seen the solution to the above equation depends on three parameters, the wire
radius, the effective mass of the electron, and the electron affinity of the material. A plot
of energy vs wavevector kz is given in Figure 6 for CdTe for a wire radius of 5Snm, and in
Figure 7 for a wire radius of 8 nm. We can see that energy discretization is more

prominent for a wire radius of 5 nm.
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Figure 7: Energy levels vs. wavevector kz in CdTe nanowire with a diameter of 10 nm

2.3 Energy levels and Band Alignment in Quantum Wire Heterostructures:

In context of the calculation for a heterostructures consisting of wires of two different
materials, these energy levels on one side, need to align to the energy levels on the other
side, such that, the difference in energy would correspond to the absorption wavelength,
and applying a bias will allow for photocurrent to be detected, as described earlier. This
condition puts a restriction on the types of material that can be used for device operation

in the spectrum of choice.
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Therefore, there is a limited choice of II VI semiconductors that will allow for this
condition to be fulfilled. Figure shows band offsets for three materials, so there is a

possibility of CdSe/ZnTe, CdSe/ZnS, or ZnS/ZnTe.

otential (eV)
X -2.8
3.0~
-3.6
ZnTe
40— -43 2308
1.7eV > 3.6eV
%0 60
-7.0—
-7.2
-8.0—
Y

Figure 8: Plot depicting band offsets of CdSe, ZnTe and ZnS [28§]

If we carry out the calculation for different materials (hence different effective mass
and electron affinity) we can plot the dependence of the energy levels with respect to
radius. This exercise will help us determine how the bands of different materials will
align, and we can decide what combination of materials will be able to absorb at a
particular spectrum of wavelengths, for example in the infrared. With the present
template, it is possible to achieve pore sizes with high regularity down to a scale of
around 10nm. Therefore the materials that will be electrodeposited should have small

effective masses for electrons or holes, in order to get good quantization effect. Because
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electrons in II-VI semiconductors have lower effective masses than the holes, the 1I-VI
semiconductors should be n-type dopable. Table 2 gives some important parameters for
solvent-based electrodeposited CdTe, CdS, CdSe and ZnSe [29-32]. These parameters
suggest that several different types of QRIP designs are possible.

Table 2. II-VI Semiconductor Electronic and Growth Parameters [8]

Semiconductor | "/ | m; /m, X Eg n-type
(at T=300K) (eV) (eV) | dopable?
CdTe 0.14 0.35 4.3 1.45 Yes
CdsS 0.23 0.7 4.6 242 Yes
CdSe 0.13 0.4 4.56 1.73 Yes
ZnSe 0.21 0.6 3.67 2.67 Yes

One design for a shorter wavelength QRIP could use ZnSe as the barrier wire because of
its small value for the electron affinity (). Reducing ¥ can be achieved by replacing
some of the Zn with Cd to produce Zn; \CdSe. In this device, either CdTe or CdSe may
be desirable for the active wire because of their small electron effective masses. For
longer wavelength IR, CdSe/ Zn; \CdxSe or CdSe/CdTe quantum wires can be used with
the first semiconductor as the active part of the wire and the second semiconductor as the
barrier part of the wire.

After having explored different combinations of II-VI semiconductors, we have found
that the combination of CdSe, as the active material, CdTe, as the barrier material, will be
suitable for the absorption in the IR regime. A plot of the first three energy levels, with

respect to diameter within a potential well is given in Figure 9 for CdTe and CdSe and
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are plotted on the same graph, to see at what diameters the smallest energy levels align,

and hence can be used for photodetection based on the proposed device structure.

Energy Levels with respcet to nanowire diameter

Energy (ev)

i
bada s Iyl TESTESS
SR A R R e L L

Al I 1 1 1 I I

Diamater (m) _—
Figure 9: CdSe/CdTe energy levels with respect to diameter within a finite potential well.
As is evident from the plot, the second energy level of CdSe corresponding to the first
energy level of CdTe is around a diameter of 10nm. The red dots are energy levels of

CdTe, while the black dots are CdSe energy bands.

Similar calculation results have been published in ref [8], and results are repeated below.

Figure 9 shows a plot of the energies of the electron states (relative to E¢ in CdSe) in
uniform CdTe and CdSe quantum wires as a function of wire diameter. It is seen that the
first excited state in the CdSe QR (denoted as 2¢4s.) matches the ground state in the CdTe
QR (denoted as 1¢gre) when the wire diameter is 10.4 nm, 3c4se matches 2¢q4re when the

wire diameter is 14.2 nm, and 3cgse matches 1cqte when the wire diameter is 17.4 nm.
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Fig. 10: The quantized electron subband levels in CdSe and CdTe conduction band.
There are three promising wire radii that allow for alignment of the states. Bottom: A
diagram of the 1cgse—3case— 1cdre transition for a wire with diameter 17.4 nm allowing

for 4.76 um IR radiation to be detected.

These diameters (D) are achievable with the anodized alumina template and allow the

following transitions:
D =10.4nm: 1cdase—2cdse— lcare Will allow 4.83 pum IR radiation detection
D =14.2nm: lcase—3case—2cqre Will allow 3.17 um IR radiation detection
2cdse—3cdase—2cdre Will allow 4.95 pm IR radiation detection
D =17.4nm: lcase—3case— 1cgre Will allow 4.76 um IR radiation detection

2cdse—3cdase— 1care Will allow 7.40 pm IR radiation detection
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Hence the diameter of the wire is calculated using the simplified analytical technique

such that the quantum states in the active and barrier wires are aligned.

2.4 Absorption Results:

Further analysis of the wire and to understand a more complex structure than a wire
requires a more advanced finite difference (FD) technique i.e. the stabilization method
[33-37].

In case of a two material wire CdSe/CdTe QRIP, we with zero applied bias we have:

— Xcuse for r<=R and z<0
V(r.z)={= %c. for r<=R and z>0 (10)

0 otherwise

The quantum states are expressed as a linear combination of basis functions:

\P = Zam,n¢m,n (1 1)
2 :
Pnn = \/ 2 g e sintk) (12)

where s,R, are the zeros of J,(x) and k, = 27m/ L, . The following Hamiltonian is then

diagonalized using the above basis functions:

H(r,z)= —#Z;Z)vz +V(r,z) (13)

The absorption a(@) can be calculated using first order perturbation theory and Fermi’s
golden rule. In this case, the temperature is taken to be 300°K, the CdSe is n-type, the
CdTe is nonintentially doped. Thus the absorption is produced almost entirely by the

CdSe portion of the quantum wire. As a first approximation, the electron distribution is

assumed to obey Fermi-Dirac distribution function denoted as F(E). The absorption in
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this case can be written as [38]:

2
alho)=-— 2" S oo, [ L E, - ~hofF(E)- F(E,) (14)

wire [

nwire
where n,,;. and V.. are the index of refraction and volume of the wire, é is the

polarization of the incident light and L(F, E,-E - ha)) is a Lorentzian function with

linewidth I" [38]:

(15)

~ 2z
L., ~E, ~ho)= (£, —E, —hof —(T/2)

Figure 11 shows the absorption for a uniform CdSe quantum wire and a CdSe/CdTe
heterostructure quantum wire at 300°K. Most of the absorption in the CdSe/CdTe

quantum wire is due to the CdSe, as chosen.

1r
| l(uﬁ’ Zf'dﬁc x10%
08F 2 =—»3
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Figure 11: The absorption of a 10.4 nm diameter CdSe quantum wire. The most
prominent absorption peak is due to the 1¢gse—2cgse transition. The next strongest peak
is the 1cgse—3case transition followed by the weak 2cqse—3cdse. Only the 1cgse—2cdse 18

used in 10.4 nm diameter CdSe/CdTe because the 2¢4se energy matches the 1¢q4re energy.
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2.5 Miscellaneous Variant Structures:

The photodetector design is an immediate application that calls for heterostructures
fabrication. Optical absorption of different material nanowires can be varied by varying
the size and/or composition of the materials as the simulation results indicate. Figure 12
shows PL signal of the alloy CdS;.Sex with varying the value of x.. These two
parameters, i.e. composition and diameter can be varied with varying experimental

conditions.

60 _ j\/\e
i Q\/\d

. #/\i/\b

2.40 2.00 1.60
Photon Energy (eV)

PL Intensity (arb.units)

Fig. 12: PL spectra of a series of CdS,.,Se, nanowires at room temperature with different

x values: (a) 0; (b) 0.22; (c) 0.40; (d) 0.64; (e) 0.87; () 1.00. [39]

Utilizing alumina as a host template, more complex structures can also be fabricated i.e a
variant of the basic concept may be, in addition to alloying semiconductor compounds, a

structure where the entire QR is the composed of the active II-VI semiconductor (e.g.,
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CdSe in this work) and a thin II-VI semiconductor film is deposited on top of the wires
that will serve as the barrier layer (e.g., CdTe or Zn;xCdxSe in this work), (2) wires that
are composed of a superlattice of alternating II-VI semiconductors producing arrays of
QDs. Both of these variant structures will have different optical and electronic behavior
and the effects of variant structure.

The next chapter describes the theory of the electron phonon interaction briefly, which is
an added advantage with these structures. This will allow for better operation with respect
to temperature change, and ideally the structure should have very low noise, at room
temperatures. This will be followed by experimental techniques and results. Once the
basis for this type of experimental work is given, fabrication and characterization results

will be given to compare with the derived theory.
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Chapter 3 Formulation of Electron Phonon Interactions

3.1 Background

Some theoretical results were presented in the previous chapter relating to electron
photon interactions. As we explore the benefits achieved by quantum confinement in
tailoring material properties to specific device needs, it is also imperative to cover the
effect on electron phonon scattering. The altered phonon modes and density of states
account for enhanced confinement of the electrons to the ground state energy level in the
conduction band, to a higher degree compared to bulk materials [40]. In case of a
quantum wire using intersubband absorption as mentioned in previous chapter, the
electron would be confined in the conduction band of the active wire. Due to quantum
confinement the energy levels for the electrons as well as phonon modes are discretized.
This means that phonon modes will also be spread further apart. This concept has been
successfully utilized in quantum cascade lasers based on quantum well structures,
wherein phonon scattering is the mechanism by which energy levels are depopulated

[41]. Similarly, in quantum dots, discreteness of energy levels, suppresses relaxation via
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acoustic phonons, and restricts relaxation via optical polar optical phonons to energy
spacing matching the eigenenergies of polar optical phonon modes [42]. The interaction
of carriers is stronger with optical phonons compared to acoustic phonons [43].
Therefore, the LO phonon assisted relaxation is faster typically in the order of a few
picoseconds. This is achieved by designing the energy spacing between levels to coincide
with the energy of a few LO phonons [43]. Very recently, mid IR quantum cascade laser
with active regions composed of doubly resonant longitudinal optical (LO) phonon
depopulation schemes have been used to demonstrate room temperature operation [44].
This favors operation in the terahertz regime as this process is very fast. In quantum dots,
the relaxation occurs with the emission of acoustic phonons. Due to small carrier-acoustic
phonon strength this process is much slower, and this limitation is referred to the ‘phonon
bottleneck’ effect [45]. In the case of quantum wires, as electron phonon scattering is
inhibited, a better operation with respect to temperature is expected, which would
translate into lower dark current and higher sensitivity if these wires are to be used in
photodetecting applications. Before a theoretical analysis of phonons is given, a brief
introduction to the types of phonons is presented. A theoretical analysis of electron
phonon interaction follows the introduction.

3.2 Phonons

A charge carrier, electron or hole, changes its state by a process known as scattering. It is
summarized usually in terms of Fermi’s Golden Rule [46]. The rule states that if an
electron/hole in a state 1 of energy E; experiences a time dependent perturbation which
could scatter it into a final state f with energy E¢ then the lifetime it will have in this final

state is given by [47]
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As presented in previous chapter electrons are scattered by photons to higher energy
levels. This difference in energy can either be given away as a photon, or in terms of
lattice vibration by a emitting a phonon.

In general, the atoms in a semiconductor crystal are connected by chemical bonds. These
atoms are always in a state of continual motion. This motion is vibrational around an
equilibrium position, because of the crystal lattice structure. This motion even at the
hypothetical absolute zero of temperature pertains, which is usually termed as the zero
point energy. This motion can be compared to a classical example of system of a series of
masses connected by springs. These are classified into four fundamental categories or
modes of vibration, namely, longitudinal acoustic (LA), transverse acoustic (TA),
longitudinal optic (LO), and transverse optic (TO) phonon modes. These modes are

shown in Figures 1 and 2.

Figure 13: Acoustic Phonon Modes [47]

The acoustic modes shown in Figure 13, are characterized as neighboring atoms being in

phase while vibrating. The longitudinal acoustic mode is characterized by atomic
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displacement being in the same direction as energy transfer, while in transverse mode the
atomic displacements are perpendicular. In case of longitudinal and transverse optic
modes, the lattice vibration displaces the neighboring atoms in opposite phase, as shown

in Figure 14.
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Figure 14: Optical Phonon Modes [47]
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Due to the wave like nature of the lattice vibration, they can be described by angular
frequency o, and a wave vector K. In this way, the energy of a phonon is hw, similar to a
photon of light. Analogous to propagating electrons, the momentum of a photon is said to
be quantized with value hK. In addition to these properties, phonons are diffracted by
crystal lattice in a manner similar to electrons or holes, hence, Brillouin zone type of
energy momentum curves can be employed to study the diffraction. For different
semiconductors the form of the curves may be similar with differing energy scales [48].
Theoretical analysis of the electron phonon interactions is given next.
3.3 Formulation of electron phonon interactions in cylindrical quantum wires

The macroscopic analysis of phonon modes starts from Maxwell’s equations
describing classical electrodynamics

V-D(r) =4zp,(r) (2)
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D,(r)=¢g,E (r)=E,(r)+4zP,(r) 3)

E(r)=-Ve(r) 4
B(r) = z,E,(r) )

where E(r), D(r), P(r), (o(r), po(r), ¢; and y, are the electric field, electric

displacement, electric polarization, electric scalar potential, free charge density, dielectric
constant tensor and electric susceptibility tensor (using Einstein summation convention)

respectively. For no external charges, namely p, (r) =0, Egs. (2)- (4) lead to
V-D(r)=&V’p(r)=0 (6)

&(w) can be written in the usual way

2 2
w —a
o) = o, Lo Q
@ — a)TO

where ¢, is the high frequency dielectric constant and ,, = @,,+/€, /¢, , as given by

the Lyddane-Sachs-Teller relation.

Before we go further in the theory of the modes, let us briefly discuss the effect of the
scales on the dielectric function of a material. The dielectric function has been studied in
terms of the random phase approximation (RPA) [49], local density approximation
(LDA) [50], and using density functional theory (DFT) [51]. We are interested in how the
dielectric constant changes with nanoparticle size, and how dramatic this increase will be
if we are to model optical and electrical properties of devices accurately. As we are also
studying the phonon modes and electron-phonon interactions, this analysis makes more
sense. This can be seen in equation (6), and in later derivations, that there is a strong

dependence on the dielectric function for calculation of the phonon modes. Therefore, it
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is very important to model the dielectric function and include an accurate estimate to get
correct results, in the case of nanostructures in general. Theoretical and experimental
evidence supports the fact that the dielectric constants within quantum dots are
significantly reduced from their bulk values. The origin of the decrease is not well
understood. This was originally attributed to the bandgap increase in side the quantum
dot. This would lower the polarizibility in the surface region. Recently, Delerue et al.
argued that the effect of the quantum dot boundary should only be felt close the surface,
hence claiming that the reduction in average value the dielectric constant is only a surface
effect and is not due to the opening of the gap but to a breaking of polarizable bonds at
the surface [52]. Xavier Cartioxa, et al. have modeled the microscopic dielectric function
for quantum dots, and found that the dielectric response function is bulklike within the
quantum dots, confirming the claim of Delerue et al [53] For further analysis we will
assume the dielectric constant to have the bulk value. We will describe LO and SO

modes, as TO modes are not of interest for our work.

3.3.1 LO Phonon Modes — Macroscopic Approach
LO modes have a frequency w = ,,,, assuming no dispersion, and are described by

functions that satisfy the following electrostatic boundary conditions

D=0 0<p<w ®)
E=0 R<p<m 9)
Using separation of variables and solving for E,, (r) and P, (r) we get

i(mp+iz)| Ko a,, A~ im %, A Q, .

Q) G g (Gow 15 My (00 NSy ; <R

E,,(r)= (R I(Rp)p » O(R "j‘” O(R pjj PR 0
0 pP=R
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P.(r) == E..(1)

&y

3.3.2 SO Phonon Modes — Macroscopic Approach
When g(a));t 0, Eq. (6) is satisfied whenV’p=0. Solving for the electric and

polarization fields, in this case yields.

n

E,(r)= .

—c e"(""”""”g (I )+ 1, (kp)p+ ™21, (kY + ik (kp)fJ PR
P

dne[(n¢+kn2)[5 (Kn+l (kp)+ Kn—l (klo))p\ _ﬂKn (kp)é - ikKn (kp)éJ p 2 R
o,

(12)

P,(r)=4E,(r) (13)

where y will be calculated in the microscopic analysis. The terms ¢, and d, are

determined using boundary conditions at p = R and a @ versus k relationship is obtained

_ 1,(kR)
d, = X (k )cn (14)
\1n+1 (kR)+ In—l (kR) _ Kn+l (kR)+ Kn—l (kR)
#(®) 1 (kR) - K, (kR) (13)

Using the above equation, one can plot the SO phonon modes, for a wire radius of 5 nm,

in units of eV, vs. wavevector kz is given in Figure 15.

32



I:II:IE T T T T T T T T T

0.045 -
0.04 -
0.035
0.03
0.025 -
002 F

*
+*
0.05 f o
*
*

0.01 ¢ &

DDDE y 1 1 1 1 1 1 1 1 1
1] . : : ;
10

Figure 15: Phonon modes vs. kz, Energy is eV for a quantum wire of 5 nm radius.

3.3.3 Reformulating the Macroscopic Equations

The equations in the macroscopic approach can be expressed in a different way and

will be compared with the equations obtained using the microscopic approach. If p, =0

throughout all space, i.e., the quantum wire and any material surrounding the quantum
wire, then Eq. (2) and Eq. (3) can be expressed as

V-E(r)=-42V-P(r) (16)

Vio(r)=4np,,(r) (17)

where p,, (r)=-V-P(r) is the polarization charge density and includes all possible
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microscopic contributions to the electric field from ions within the wire and the
surrounding medium. Taking the Fourier transform and rearranging terms we can include
all scalar and vector component contributions in an equation form. The general form of

the Fourier transform is given by the equation.
L itz

S(r) = —J.dkS(k, p)e (18)
2

Here L is the length of the wire. Equation (17) becomes

(V;D —kz)(p(k,p)=—472'ppol(k,p) (19)

where V2, =8/dx* +8%/6y*.  The solution to this nonhomogeneous differential

equation can be expressed using a Green’s function G(k, p, — p)

Blk, py) = =47 [ Gk, py = )P 1 (k. p)dA (20)

The Green’s function is given in the two dimensional form for the modified Helmholtz’s

operator
1
Gk py = p) =Ky (klp=py) 1)

Taking the gradient of the left hand side of Eq. (20), and expressing E(r) in terms of P(r),

using integration by parts, the following equations:

1 -
—P = ’ - A 22
Sor(kp)= (7o, ~p)P (kop)ii @)

all space

0 0
T (k,|py - p)) = ——K,(k|p, - p)), (23)
Ox Ox
0 0O
T, (k,|py = p) =T, (k.| py — p) =——K,(k|p, - p)), (24)
Ox Oy
0
T (k|po = p) =T..(k.|py — p)) = —ik—K, (klpo — A)), (25)
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0 0
Po _p| :551(0(14100 —-pP

T, (k, ) (26)

T, (k, ), (27)

8
Py =P =T, (k| — p)) = _ikaKo(kLoo -p

T..(klp, - pl)= kK, (K|p, - o)), (28)

A microscopic analysis for a similar result follows. The displacement of positive and
negative ions can be written as u,(r,z) and u_(r,z) respectively and the relative
displacement asu(r,z)=u,(r,z)-u_(r,z). The equation of motion for the relative
displacement of the positive and negative ions is

d*u(r,z)

e —uau(r,t)+eE'(r,z) (29)

where g=M M_/(M,+M _) is the reduced mass of the ion pair, @, is the frequency

associated with the short-range force between ions, and E'(r,z) is the local field. The
oscillating ions produce a polarization field according to the equation

P(r,t) = neu(r,t)+ noE' (r,¢) (30)
Fuchs and Kliewer [54], used three regions in their work for evaluating the local electric

field is calculated by splitting up the material into three regions. The total contributions

from regions I and II are calculated and in integral form correspond to

E(r.0)= [0,(r,~r)P(r)av (31)

1,11

The full macroscopic electric field E(r,¢) that is used in the Lorentz relation [55]
/ 4r
E'(r,1)= E(r,t)+TP(r,t) (32)

where E’ (ro,t) is the local electric field. With Eq. (31), Eq. (32) can be written as
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El(r,.t)=7,P,(r,.t)+ [0,(r, - r)P,(r)aV (33)

where y, is the Lorentz factor and is written as y, =6, 4z/3 with i, j =(x,y,z) for

materials with cubic symmetry, and only depends on symmetry of the material [56].

Solving further yields

(lj_;/

34
: (k,p)dA (34)

P (k,p,)= I

all space

Po — ,0|) are given by Egs. (23)-(28). Once P(r) has been obtained using Eq.

(34), E'(r) can be expressed as

£ 4 A 2Pl = (o) 39
LO Modes:  E'(r)= —%”P(r) (36)
TO Modes:  E'(r)= %”P(r) (37)
SO Modes:  E'(r)=«,P(r) (38)

Where x, is the coefficient of P(r) in Eq. (35) evaluated at a frequency @ = w,, where
o, satisfies Eq. (15). For a general k(w) we can write the following relation between
u(r) and P(r)

ulr) = =1 @dp ) Ao 69)

ne ne

where 0(w)=1-nax(w).
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3.3.4. Quantization of the phonon modes and Electron Phonon Interactions

A method of quantizing the phonon modes similar to that used by Wendler [57] in their
analysis of phonons in 2D dielectric slabs and Trallero-Giner et al. [58] in their analysis
of phonons in arbitrarily shaped nanostructures will be performed in this work on 1D
quantum wires. The Hamiltonian density can easily be derived from the equation of

motion, Eq. (29) and is

hp =lz[in,.<r>n (1) mueu (e, <r)—neul.(r>E;<r>j (40)

nu
where TI(r)=nz(r) is the conjugate momentum. The Hamiltonian is then the integral

over all space of &,
H, = L L1000 ) ) 0
24 ny

The terms I1(r) and u(r) in Eq. (41) are 1D Fourier transformed over a discrete set of k

values by using Eq. (18) and replacing the integral with a summation that includes Born-

von Karman periodic boundary conditions: L/ Zﬂjdk —>z . Eq. (41) can be expressed
k

in the following form after using Egs. (32) and (39).

H,=>H, (42)

with

2 2 a); K(a)m) (44)

For normalization, recall that the system is composed of N coupled oscillators each with
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kinetic energy and potential energy with the latter being proportional to |u(ri Y for each
ion pair at r,. With the energy of each ground state phonon mode being E = hiw, /2 and
with the virial theorem (stating that expectation value of the total kinetic energy <T > is
related to the expectation of the total potential energy <U > by the equation
<T > =k/ 2-<U >, with £ =2 for this coupled oscillators situation), the following equation

for <U > can be obtained that produces the correct normalization procedure

[ 0" k) -(u” (k. p)aA = 45)

m

Eq. (45) properly normalizes u” (k, p), and @" (k,p), the eigenvectors that form the

basis for the expansion of u(k,p) and @(k,p) in the second quantization:

(k.p.t) = Yl (6" (k. p)e™ +a (k)™ (k.ple ™ (46)

m

oll.p.1)= 3o, (Ko™ (k. p)e™ +al (= Ko™ (k,p)e ™ ) (47)

m

Once the phonon eigenvectors have been properly normalized, the electron-phonon

interaction can be developed. The interaction Hamiltonian can be expressed as:

H?(r)=-eqp(k,p)

(48)
=2 H!(p) =—eZ( (k" (. )"+ ] (- Ko (k. p)e )

Eq. (48) is the correct form for the electron-phonon interaction Hamiltonian that can be
used with the electron states described in detail by Crouse [8] and Fermi’s golden rule, as

done in Ref. [59-61] to calculate electron-phonon scattering rates.
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Summary:
We have presented a brief theoretical account of electron phonon interactions. These

results can be utilized in simulating the effect of these interactions on absorption spectra.
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Chapter 4 Anodization of Aluminum, and Optimization of The

Multilayer Template

4.1 Anodization Background

Anodization of is the process of oxidation of aluminum. In this process, the growth of an
oxide on the surface of the biased conductive solid (e.g. semiconductor wafer) immersed
in a liquid electrolyte or, generally in a gas discharge, is stimulated by the flow of electric
current. The process has been well researched mostly in connection with corrosion
prevention, and this material was initially characterized by Keller et al [62]. The
following spontaneous chemical reactions occur at the surface of aluminum when

exposed to oxygen or pure water.

2Al+%02 — AL O, (1)
or
2A41+3H,0 - ALO, +3H, )

Aluminum oxide when interacted with acids, dissolves by the following process:
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ALO, + H,O+2H" — 2AI(OH);
AI(OH); + H" — AI(OH)** + H,0 (3)
AI(OH)" + H" — A" + H,0

These two processes of oxidation and dissolution describe anodization. Typically anodic
alumina is oxidized in a chamber filled with an acid, e.g. sulfuric, phosphoric or oxalic
acid. A dc bias is applied between the aluminum film and a counter electrode. This bias
ensures a constant supply of energy so that oxidation and dissolution occur
simultaneously. The above mentioned process is not only of conversion of the aluminum
to a hydrated aluminum oxide alumina, but also of the film transforming to a hexagonal
array of cylindrical pores as shown in Figure 16. The top view shows that the pores have

a hexagonal arrangement.

81182 18.8kVY X138K 231nm

Figure 16: SEM image of anodized aluminum sample at 25V in 0.5M sulfuric acid, at

10C, Pore diameter is approximately 25nm

As mentioned above, anodization of aluminum has been thoroughly studied after the
initial use as corrosion prevention [62]. Masuda and Fakuda were the first to report an
ordered porous arrangement in porous anodic alumina in 1996, and its possible use as a

template for nanowire deposition [63]. Other templates that have been employed for
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nanowire growth are nuclear track etched polycarbonate membranes, nanochannel array
glasses, and mesoporous channel hosts [64]. The advantage porous alumina has over
other templates, is that it is a wide bandgap material and optically transparent.
Additionally, it is a low cost and fast technique to produce large arrays of identical
entities, with a very large aspect ratio (length divided by diameter), which is not possible
with conventional lithographic techniques [65]. Anodic template and nanowires deposited
within, compared to polycarbonate membranes, also has the advantage of being parallel
to each other, and perpendicular to the membrane surface, with an assumed constant
diameter throughout their length [65].

The pore arrangement is roughly hexagonal, as can be seen in Figure 16. The regularity
and periodicity in the pore arrangement can be improved by pre-patterning the surface of
the aluminum by a SiC stamping process similar to the on used by Masuda et al [66], or
by by chemicals, and then anodization is carried out again on this aluminum, that now
has a pattern, where the pore growth will take place preferentially at the sites of
previously terminating pores. Anodization can give high quality porous templates. In
addition, the pore size and spacing can be controlled very easily by the voltage and other
experimental parameters, and follow an empirical relation [23]. In 1970, O’Sullivan and
Wood presented a model for the porous arrangement by self regulation. This model
described how the electric field distribution at the pore tips affects pore growth, and the
reason for the narrow size distribution.[68] Further models are good microscopic
explanations for the dependence of pore diameters, interpore distances on applied voltage

or electrolyte combination. [69-71].
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4.1.1 The Mechanical Stress Model

Very recently have new models have been proposed that explain the expansion and pore

formation phenomenon [72-73]. The steps during anodization starting with the oxide

formation on the surface, continuing with the distribution of electric field to the steady

state pore formation regime is shown in Figure 17. The mechanical stress model

describes these steps as follows [73]:

1.

Oxidation takes place at the entire metal/oxide interface primarily due to the
migration of oxygen containing ions (O or OH") from the electrolyte.

There is dissolution and thinning of the oxide layer due to the hydration reaction
of the formed oxide layer.

If there is no pore formation, all A’ jons reaching the electrolyte/oxide interface
contribute to oxide formation. Porous alumina is formed when AI’* ions drift
through the oxide layer. Some of them come back to the electrolyte without
contributing to the oxide formation.

Pore growth perpendicular to the surface, takes place when field enhanced
dissolution at the electrolyte/oxide interface is in equilibrium with oxide growth at
the oxide/metal interface.

The formed alumina is assumed to be Al,Os, in which case the aluminum
composition has an atomic density lower by a factor of 2 to metallic aluminum.
The volume of anodized alumina expands to be twice the original volume.

This volume expansion results in a compressive stress during the oxide formation
in the oxide/metal interface. The expansion in the vertical direction therefore

pushes the pore walls upwards.
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Electrolyte

ALD, AP 0HOH-}

Figure 17: Schematic of pore formation at the beginning of the anodization. Step 1.
Formation of the barrier oxide on the entire area. Step 2. Local field distribution caused
by the surface fluctuations. Step 3. Creation of pores by field and/or temperature

dependent dissolution. Step 4. Stable Pore Growth.

The current curve for a typical anodization at 25 V dc in a solution of 0.5 M sulfuric acid

is given in Fig. 18 .

Anodization completion

Steady state pore propagation

Current {rnA)

w v
Surface oxde formation

D | | | 1 1 | |
1] 50 100 150 200 250 300 350 400
Time (seconds)

Figure 18: Anodization Curve with respect to time for Aluminum in 0.5M H,SO4. The
three regions, i.e. surface oxide formation, steady state pore propagation and anodization

completion are clearly visible
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The oxide formation, steady state pore propagation and anodization termination are
clearly observable in the profile. The type and concentration of the electrolyte has to be
chosen according to the applied potential for self ordered growth. Usually, anodization is
carried out in sulfuric acid for low potential ranges (5~40V), in oxalic acid for medium
potential ranges (30V~120V) and phosphoric acid for high potential ranges (80~200V).
This restriction is mainly due to the conductivity and pH value of the electrolyte. As
sulfuric acid has high conductivity, if anodization is carried out in sulfuric acid at high
potential, breakdown of the oxide layer is very likely. In addition the pH wvalue
determines the size of the pores. A lower pH value translates into a lower potential
threshold for field enhanced dissolution at the pore tip. This results in lower pore sizes.
The recent studies in anodization of alumina have been for modification of the porous
arrangement by varying experimental parameters [74], and pore spacing in the range of
50nm to 420nm by varying the parameters of anodization was done by Li et al [75]. Low
potential anodization (30-60V) in 0.3M oxalic acid at 2°C result in pore distances of 50-
150nm. In phosphoric acid with a concentration of 10% by weight at 3°C interpore
distances in the range 300nm-420nm can be obtained. As a rule it can be estimated that
pore diameter is around 30% f interpore distance [76]. Further increase is possible by
pore widening etch in phosphoric acid, NaOH, or other acidic solutions, for which
calibration needs to be done, as both of these chemicals may etch the template away
completely [77]. For phosphoric acid solutions, regularity of the nanoporous array
depends on the the anodic voltage and acid concentration [78].

4.1.2 The 10% Porosity Rule

Anodization parameters usually determine the regularity, size and interpore spacing, and
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recently a study on the optimal parameters has been given in [76]. The porosity of a

hexagonal structure is given by the following relation [76] under optimal conditions.

-3l

nt

Empirical relations exist for the ratio——. It is also reported that the pore diameter is

int
affected by dissolution velocity that is directly related by the pH of the solution [76]. The
lower the pH, the stronger the acid, and the lower the potential threshold for field
enhanced dissolution at the pore tip. The above equation can be rewritten for self ordered

growth as:

21T r
Y\ ek ®)

Where k is a proportionality constant and is approximately 2.5nm/V [76]. Nielsch et al.
also claim that there is an optimal anodization time to obtain largest pore size, and that
for longer times, the pore diameter may not remain the same, and an increase in current
for longer time is possibly due to the change of the pH tip at the oxide solution interface,
where the flow of ions becomes diffusion limited [76].

4.2 Pore Diameter Study

Anodization voltage effectively controls the diameter of the porous structure as
mentioned earlier [76]. We need to have good control over this parameter as it is going to
control the diameter of the materials deposited within. Two approaches were used,
namely variation in voltage, and a chemical etch procedure and are described next.

4.2.1 Variation in Voltage

We have used two techniques for obtaining alumina template with different pore sizes.
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Keeping all experimental parameters such as pH of the electrolyte, temperature and type
of electrolyte the same, but varying the anodization voltage only, we want to see the
variation in pore diameters, and quality of the pores. Anodization was carried out at four
different voltages 10V, 15V, 20V, and 25V. Samples were imaged by an SEM as seen in

Figure 19.
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Figure 19: (a) 10V anodization, no PW sample shows poor uniformity of the pores. (b)

15V anodization, no PW. (c) 20V anodization, no PW. (d) 25V anodization, 20min PW

shows nice straight pores.

The samples for 10V, 15V, and 20V, have low pore quality. The pores do not propagate
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in a straight manner from the top to the base, and pore cleaning may not be able to fix
that As seen in Figure 19, the 25V anodization samples show the best quality. The results
indicate that the best overall results are obtained by employing a 25V voltage as seen in
Figure 19(d). At lower voltages the pores are either not straight either at the surface or do
not propagate perpendicularly to the base. Employing a short pore cleaning chemical etch
using phosphoric acid. As can be seen the pore propagate to the bottom of the sample,
however there is a barrier at the base. This issue will be addressed and resolved in later

sections.

4.2.2 Chemical Etch Pore Widening Procedure:

At this point it is required to come up with a procedure with which we can vary the
diameter of the pores. Phosphoric acid has been widely used as an etching solution for
pore cleaning and oxide removal. If the sample is subjected to the solution for varying
periods of time, it is possible to get different pore diameters for one particular voltage.
This process was studied in detail Measurements taken from SEM images of anodized
samples etched at 25°C in 0.52M phosphoric acid (shown in Figure 20) allowed us to
determine an average pore diameter for a given samples. Multiple pore diameters were

measured for a given sample, and an average pore diameter then calculated.
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Pore Widening Calibration
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Figure 20: Pore widening calibration curve showing Etch Time vs. pore diameter for 5%

w.t. phosphoric acid

These measurements were used to develop the calibration curve shown in Figure 20,
which demonstrates a linear relationship between etch time and pore diameter. This
relationship shows that by etching anodized samples for varying periods of time, it is
possible to vary the pore diameter within a specified range.

4.3 Anodized Alumina Template Study

The motivation for use of alumina as a template for nanowire growth is that it is a wide
bandgap material and optically transparent [79]. Large arrays of identical entities, with a
very large aspect ratio (length divided by diameter) can be fabricated cost effectively,
which is not possible with conventional lithographic techniques. This is a favorable
characteristic for nanowires that are to be used in photodetection devices such as focal
plane arrays [22].

Different material nanowires have been grown in alumina, including metals

semiconductors, alloys, compounds and heterostructures of the same, using different
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techniques [80]. Electrodeposition, in alumina membranes is made possible by a material
present at the base that could be used as an electrode. At the termination of anodization of
aluminum, the material has a concave or convex oxide barrier layer at the base,

depending on the anodization conditions [23]. This is shown in Figure 21.
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Figure 21: SEM image of alumina layer of anodized nanotemplate. Vertical lines show

coincide with pore diameter

In this case, high potentials are needed by electrons to tunnel through the thick barrier
layer. Sudden electrical breaking of the barrier may leads to a thermal shock that can
break the barrier layer and disrupt the deposition. DC electrodeposition in the presence of
a barrier is also not favorable as it is very unstable. because of the increment of the pH at
the cathodic site, which leads to partial removal of the barrier layer [81]. This reduces the
resistance and increase in cathodic current pass from this pore. AC electrodeposition is
employed but is not preferred over DC as the later does not yield high single crystalline
nanowires [8]. The solution is to selectively remove the barrier at the base. Different

combinations of thin films have been employed to achieve this goal, a few are
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summarized below for reference:

1-

Metal at the base: Yang et al. used a gold layer on top of the Si before aluminum
deposition. The anodization of top aluminum oxide after the pore reaches the base, is
continued till the barrier thinning results in exposure of the base. This method has
however not been characterized, and quality of the CdS deposited within the pores
have not been thoroughly studied. Moreover, the authors claim that the thickness of
Al is kept small for Si planar techniques. This is not suitable for arrays of nanowires
that usually require high aspect ratios [82].

Chemical etch:

O. Rabin et al. used different film combinations Pt coated Si wafer [83]. Anodization
thickness is graded along one dimension of the sample. So at anodization completion
the area that is exposed longer to the electrolyte experiences decrease in barrier
thickness, and an eventual exposure of the underlying Pt base. At this point the
sample needs to be removed, as the oxidation reaction with the Pt might break
through the delicate PAA. To obtain a more uniform template for electrodeposition
Si/Ti/Al, was employed. At the completion of anodization, the sample was
electrochemically etched by immersing in a solution of potassium chloride
electrolyte, and cathodically polarizing the titanium layer for several minutes.
Dissolution o f PAA occurs at pH >8 [84]. This also leads to thinning of the alumina,
but gets rid of the alumina barrier layer. Bismuth telluride nanowires were deposited,
to confirm depletion of the barrier layer and similar results are expected for Zr, Nb,

Hf, Ta [83] films below the as a barrier.
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3- Conductive pass:
Yasui et al. employed two different techniques to use the template for
electrodeposition [85]. Two types of techniques were employed. Si substrates had W
deposited with Al on top, while Mg (001) sustrates were sputtered with Pt, and a thin
Ti adhesion layer with Al on top. With the first substrate as anodization reaches
completion and the W below the alumina is oxidized, a conductive path is formed,
which has some resisitivity when reduced by an annealing process. In the case of the
other multifilm structure the pore widening procedure after anodization removes the

barrier. CoPt columns were deposited within the alumina of both structures [85].

Multilayer template, deposition of nanowires, and IR absorption using heterostructure
nanowires: Crouse et al. employed a multilayer template comprising of a Ti barrier on top
of Pt [23]. Anodization leaves a barrier layer that is gradually thinned by ramping up the
anodizing voltage. As this process reaches completion the Ti beneath the barrier is
oxidized. Voltage ramp is continued and a point the titanium oxide is removed by anodic
breakthrough. Template was characterized after anodic breakthrough of the titanium layer
for confirmation of the removal of barrier layer, by CV, OER-UV and Tafel plot analysis.
This technique is advantageous as it gives a template with Pt at the base that can be used
for electrodeposition, on top of a Si substrate that is good for integration of circuitry for
device applications. Moreover, this technique can be employed with any desired substrate
4.4 The Original Multilayer Template, Ramp Procedure and Breakthrough

The multilayer thin film stack that is deposited by thermal evaporation on a silicon

substrate has been described in earlier works [8,23], and is composed of the following
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layers, as shown in the schematic in Fig. 22:
Aluminum: 500nm to 1000nm depending on the length of nanowires required
Titanium: Snm (8nm in earlier works)

Platinum: 30nm

Alumina
TiO,
Platinum
Silicon

/

Cross section of the
Multilayer Nanotemplate

Interface Region

Figure 22: A schematic of the multilayer template after Al anodization, zoom in shows

there is no barrier at the pore bases

Each of these layers has their respective roles in the template fabrication process. The
initial structure of the multilayer template has been shown to be favorable for some
nanowire depositions, and very convenient for nanodot deposition. However, the
template fabrication process needs more optimization for it to be scaled up to industrial
sized wafer growth for more repetitive results and hence good quality nanowire growth.
At the research level it has been challenging to get a good nanowire growth within the
pores, with uniform distribution. This chapter will study the process improvement over
the conventional template fabrication procedure described in [23].

As seen earlier, the nanotemplate breakthrough is achieved by anodizing the aluminum

layer to completion, and subsequent ramp of the voltage to incrementally etch away the
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alumina barrier at the pore base, oxidation of the titanium layer underneath, and
subsequent removal of the titanium oxide by modified anodic breakdown [81]. The
ramping process although very convenient, as discussed in earlier works, has to be
improved for a good quality starting nanoporous template for electrodeposition of
materials. The two issues encountered towards this end, are that breakthrough has to be
widespread throughout the sample, and that the pore bases are open so that after removal
of the titanium oxide the platinum is not covered by alumina barrier. In earlier works, for
example Crouse et al. [23] breakthrough was characterized by several techniques,
namely, CV, OER-UV and Tafel plot analysis, to confirm that these issues were resolved,
i.e. the pore base was clean and the platinum was exposed. These techniques although
provide scientific evidence of the result, however require a separate experimental setup. It
would be useful to incorporate a procedure within the anodization, so that breakthrough
may be monitored as it is taking place. This is a good idea as it is essential to stop the
breakthrough procedure as soon as it happens, to avoid damage to the sample, due to very

high current flow through the pores, and to confirm it as it has happened, simultaneously.

The typical anodization curve for aluminum is shown, in Fig. 8, with current as
breakthrough is achieved, by a modified anodic breakdown of the titanium oxide at
elevated voltage [86]. .

As the current increases it is evident that the titanium oxide is being removed, and the
current path does not have an oxide that inhibits current but a conductor. As the
breakthrough is completed we would expect a current to essentially follow a voltage

applied proportionally.
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Figure 23: Anodization Curve for The original Multilayer Template. Green Curve shows

current in mA, Blue curve shows voltage ramp after anodization is completed.

Breakthrough is prominent at around 1300 secs, where current suddenly increases by 50

orders of magnitude

This hypothesis is based on the fact that we have a metal at the pore base, and hence a

roughly resistive circuit. An SEM of the template base after ramping up and template

removal by a chemical etch, is given in Fig. 9. CdS nanowires were deposited in the

template as a proof for great utility of the template structure [8].
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Figure 24: Template after anodization, breakthrough and subsequent chemical etch that
removed the alumina. The SEM shows that the Titanium beneath the anodized aluminum
has been oxidized and removed leaving the Platinum beneath it exposed. The bar is

100nm in length.

4.5 Optimization of The Multilayer Template and Breakthrough Procedures

This section describes the optimization process of the breakthrough mechanism for good
nanoporous template with open bases. A modified breakthrough procedure was initially
employed. As results indicated, a gentler breakthrough procedure was required, so the
starting material was revised to achieve this goal. Eventually, a good combination of
starting material and post anodization procedure resulted in an excellent starting material
for subsequent electrodeposition.

4.5.1 Modified Ramp, Diagnostic Current, and Breakthrough

This idea can be used to replace the post anodization ramp by a cyclical ramp, with two
different cycles. One cycle will be the ramp procedure, as before, that will achieve
breakthrough gradually, and the second cycle will in alternate succession monitor current

as a positive sinusoid is applied. The anodization current and voltage waveforms,
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implementing this modification are shown in Figure 25.These two cycles will be repeated
until the diagnostic sinusoid voltage produces a sinusoid current waveform, confirming
oxide removal, hence a current proportional to the voltage, defining a resistive circuit.

This idea, though promising initially, will be improved upon later.
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Figure 25: Anodization and Modified Post anodization procedure, that consists of a ramp

cycle, and a 5V sinusoid cycle

It will be interesting to compare the current with respect to applied sinusoid diagnostic
voltage to see how much current the sample is allowing to pass through the oxide. The
initial and final waveforms are shown in Figure 26. It can be seen that over the course of

the the ramping procedure, that the amplitude of the current as well as the shape of the
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waveform have improved. Towards the end of the ramp, a diagnostic voltage of 5V peak,
results in a current of less than 0.8mA. As the ramp progresses, and there the oxide
breaks through, we see, a final value of around 6mA at the same applied voltage of 5V
peak, as shown in Figure 26. The initial waveform does not depend on the applied
voltage, a characteristic expected from an insulating material. As the ramp progresses and

we expose Pt at the base, the applied voltage produces a current that exhibits a nice

sinusoid waveform.
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Figure 26: Initial and final current waveforms, during the diagnostic sinusoid cycle of the
ramp procedure. Earlier on, 5V produces around 1mA max, which is significantly

increased as breakthrough progresses, and a max of 6mA is achieved.
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As we clean the pore bases the diagnostic current will increase. However, at one point we
have to stop applying the ramp any further, in order to avoid sample degradation. As seen
in Figure 25, towards the end we see spikes in current with steady increase in amplitude.
This is the point where, the amount of current will start degrading the sample, if
conditions are not changed. Beyond this point we see delamination of the sample that is
shown by an increase in current amplitude, several orders of magnitude, and is shown in

Figure 27 as white spots.

Figure 27: Image of sample surface depicting delamination sites seen as white spots.

The amount of current flowing through the sample and the delamination can severely
damage the sample as is described later. The resulting template may not be good for
electrodeposition, because the delaminated areas may be areas where the platinum has no
oxide on it and would cause preferential electrochemical growth at these locations.
Therefore, the favorable scenario would be to achieve breakthrough and stop further
ramping as early as possible so that the very high amount of current flow that follows is

stopped before causing damage to the sample. This may be achieved if we have
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breakthrough at gentler conditions i.e. lower voltages. The breakthrough voltage depends
on the titanium thickness; therefore thinning of the barrier layer will reduce the
breakthrough voltage. Thinning the layer too much may cause intermetallic formation
and Al diffusion may occur in the Pt layer [87-88]. Two obvious ways are either to have a
starting thickness that is lower, or to reduce the thickness by annealing, which would
produce intermixing at the titanium/aluminum interface, effectively reducing the titanium
thickness. After having studied the phase diagrams for the metals Al/Ti., and Ti/Pt, [89],
it was decided to run a set of samples at 325 °C for different periods of time. Following
this procedure, the samples would be anodized to compare the breakthrough voltages
keeping other experimental parameters, i.e. temperature, type of electrochemical solution,
anodization voltage and ramp duration constant.

4.5.2 Gentle conditions for breakthrough

Two approaches were used to achieve gentler conditions for breakthrough, annealing to
effectively reduce the titanium barrier thickness. Results with respect to this approach
and problems that arose during the procedure are mentioned next. Following this results
with respect to a template with a lower starting thickness of titanium and are given with a
discussion of the results.

4.5.2.1 Annealing, Intermetallics formation and Adhesion Issues

As explained earlier, the main indicator of titanium oxide removal at the pore base is a
significantly higher current flow. The ramping procedure requires that the sample is
subjected to a large voltage for a prolonged period of time as the titanium layer reaches
breakthrough. The breakthrough is based on avalanche breakdown of the titanium oxide,

hence can be considered a relatively sudden phenomenon, i.e. within a few seconds there
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is a large current flowing through the solution into the pores. This large current is seen to
increase bubble formation at the surface of the template, resulting from the oxidation
evolution reaction at the pore bases where the Pt is. This reaction will destroy the
aluminum film if there is no adhesion promoting layer (Al/Pt only) [83], or cause large
caves within the nanopores towards the pore base, again due to the same reason. In other
cases, the sample will have large areas where the top most alumina template layer has
come off, i.e. delamination., seen as white spots in low resolution microscope of the
sample, as seen previously in Figure 27. As the titanium thickness determines the voltage
at which breakthrough is likely to occur, one way to solve this problem would be to
decrease the deposited titanium thickness. There are two major issues with the
practicality of this approach. The first one is to get a sufficient decrease in breakthrough
voltage, we have to go to a range of 5 nm or less of Ti thickness. At these scales, it is
very challenging to get an exact value of Ti deposition thickness, in case different
systems are used. It is therefore customary to see variations in breakthrough voltages as
calibration of deposition equipment results in fluctuations in measurements of thicknesses
in the angstrom regime (in case of thermal evaporation of the metals on the Si wafer).
The second issue is as we go to smaller titanium thicknesses, the effectivity of the barrier
layer decreases. In fact, very similar anodization behavior is observed for a barrier layer
of of 2nm Ti, and no barrier layer at all, wherein samples cannot be anodized to
completion. Three thicknesses were chosen for the study, 2nm, 4nm, and 6nm. Using too
small a thickness of Ti (lower or equal to 2nm), does not give favorable results, as there
is significant intermetallic formation at the Al/Ti, and Ti/Pt interfaces even at room

temperatures. This disrupts the anodization of aluminum prematurely, and the 2nm or
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lower barrier Ti samples will exhibit the same pattern in current profile as Al/Pt with no

barrier. This can be seen in Figure 28.
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Figure 28: Anodization curves for Al/Pt and Al/Ti/Pt samples. Blue curve depicts current
for Al/Ti(2nm)/Pt sample, while the red curve shows Al/Pt with no barrier layer. It can be
seen that the current waveforms exhibit a similar patterm, except a longer shoulder with

the sample with a barrier layer.

The 4nm samples exhibited a nice breakthrough voltage, did show current spikes. The
reason was that, prior to anodization the samples were being painted by a conducting
silver paste all around the back and on the sides to get the voltage to be applied to the

surface directly. During anodization this procedure did not exhibit a repeatable pattern,
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for different sample runs. It was decided to use a different cleaning procedure and to
apply the conducting silver paste at the back only. This would allow for the potential drop
to be uniformly distributed across the sample and at the same time, the surface would be
an equipotential surface, nevertheless. Concurrent to this set of experiments, a study of
breakthrough vs. annealing was carried out for the 4nm and 6nm Ti thickness samples.
Alternate to the reduced initial thickness of Ti, the other option was to start off with a
large Ti layer and anneal which in turn causes intermixing to effectively reduce the
barrier layer as mentioned above. Towards this end, two sets of samples were prepared
one with 4nm thickness, and one with 6nm thickness, to compare with the Snm thickness
sample that we had been using initially. It was very difficult to get breakthrough at a
reasonable (less than 65V) voltage for 6nm Ti barrier layer sample if no annealing was
carried out. As the exposure of the sample to annealing was increased there was an
almost linear decrease in breakthrough voltage, indicating the effective Ti barrier layer
has decreased. The samples exhibited very smooth anodization curves, and decrease in
the breakthrough voltage, however, significant degradation of the sample was seen after

anodization.
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4nm Ti thickness annealed samples
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Figure 29: Breakthrough voltage versus annealing times for one set of samples with Ti

thickness of 4 nm

The breakthrough voltage decreases in a linear fashion with respect to annealing time for
the 4nm and 6nm titanium thicknesses as seen in Figure 29 and Figure 30. Initial
inspection on low resolution microscope showed a uniform density of black spots on the

surface of the annealed samples.

6nm Ti thickness Annealed Sample

70

(5}

g 60

S2%] :

£ 20

4

§ 10 A

m O T T T T T T

0 20 40 60 80 100 120 140

Time (minutes)

Figure 30: Breakthrough voltage versus annealing times for one set of samples with Ti

thickness of 6 nm

64



SEM inspection of the annealed sample depicted that the annealed samples show hillock
formation of the Pt layer in the aluminum. This behavior has been observed in literature

too [90].

Figure 31: Annealed sample surface showing black spots that may correspond to the

hillocks

Pt hillock
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Figure 32: SEM of anodization template with 4.0nm upper titanium layer, annealed at

325°C exhibits platinum hillocks beneath alumina surface
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This ruled out the possibility of using annealing for improving adhesion and improving
breakthrough conditions. As mentioned earlier, another problem that had been observed
with the 4nm was an unexpected spike during ramp. The samples that had been showing
some spikes did show some signs of delamination and a current spike during post
anodization ramp. This seemed to indicate that adhesion was one of the underlying
reasons and that annealing could not be used to improve adhesion. In addition to this
concern, initial cross sections of the 4nm Ti barrier samples showed a residual alumina
barrier at the pores bases, even after breakthrough of the underlying titanium oxide. If we
closely inspect the SEM shown in Figure 33, it is evident that that the alumina that
remains there is thickest near the pore wall and thinner near the pore center, suggesting
that there may be a current/ion exchange path through this layer of alumina to the
titanium dioxide layer beneath. This would allow for the titanium dioxide layer to have
broken down, in presence of the alumina. These samples, when observed under a
microscope usually displayed some evidence of pinholes uniformly distributed across the
alumina surface, indicating that small areas of delamination were occurring across the

sample surface.
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Figure 33: Anodized template using voltage ramp procedure to achieve titanium oxide

breakthrough. Residual alumina still present at pore bases.

It was decided that we need to carry out thermal evaporation of different types of
starting wafers with variable titanium thicknesses, and to improve adhesion by adding
another layer between the Pt and the Si. This modification would give some insight on
solving the adhesion problem, as well as comparing the voltage drop the oxide layers and
resistance of the wafer, for good anodization curves.
4.5.2.2 Titanium Thickness Variation

A set of nine wafers was prepared including a combination of 2.5 nm, 3.0 nm and
3.5 nm with three different types of wafers, i.e. n-type wafer with a BOE clean of the
oxide, p-type with a pirhana clean, and p-type with a BOE clean. At this point, another
major revision was made, in the post anodization breakthrough procedure. Instead of
employing a ramp after completion of anodization, a lower amplitude pulsed voltage was

tried. This ensured that the sample is not subjected to a harsh condition for achieving
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breakthrough, and that the process will be gentle, and more sustained.

Figure 19: Anodized template surface with 2.5 nm upper Ti layer. Arrows show

delamination lesions, within anodized alumina

The on pulse would apply a large voltage across the barrier at the base, followed by an
off period where the system is allowed to gain its equilibrium state, and solution
replenishes the pores, with ions. The results indicated success of the technique, in
achieving breakthrough as well as getting rid of the alumina barrier at the pore bases. The
pirhana cleaning procedure to the starting wafers showed the best results in terms of
repeatability for 3.0nm and 3.5nm wafers. Although good current profiles that show
leveling off were obtained for the BOE cleaned wafers, it was not possible to get
repeatable results for wafers. Figure 19 shows a post-anodization photograph of a wafer
with a 2.5nm titanium layer. Large circular and strip-like delamination lesions are
observed around the perimeter of the anodized area (For reference, everything below and
to the left of the dark strip running across the top right of the frame is anodized material

and the light-colored lesions lie within this area.). Figure 35, however, shows a similar
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photo of a 3.0nm titanium sample, which exhibits no such delamination. Hence, it is
obvious that 3.0nm titanium thickness is necessary to maintain acceptable adhesion
properties and also achieving breakthrough of the titanium dioxide layer. The next

section goes over the current leveling off seen in current profiles of samples, in detail

Figure 35: Anodized nanotemplate with 3.0 nm upper titanium layer. No delamination

lesions observed in anodized alumina.

4.5.3 Leveling Off of Post Anodization Current and Results

It has been observed during anodization that the current, as titanium oxide is broken
through, will start increasing significantly, and as more areas of the sample see
breakthrough this current will keep increasing, exponentially. As this technique risks of
damaging the alumina layer, it was decided to achieve breakthrough by a different
technique: applying short pulses of voltage. We expect that breakthrough will be
incrementally achieved, and there will be a point where the current will reach steady
state, as there is no more barrier layer or oxide layer. Initially, results indicated this

behavior for three voltage values, i.e.15V post anodization stepped voltages, 12.5V and
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10 V. The current profiles are shown in Fig. 36. Despite the promising current profile, on
inspection of the surface, all of these samples exhibited some white spots, indicating
some sample degradation. As a starting point for the oxide removal at the base, this
procedure indicated good potential. For a thickness of 3.0 nm, the results indicated good
repeatability, and a thin barrier layer at the base, that could be removed easily by a

chemical etch, after the anodization and post anodization pulse voltage procedure.
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Figure 36: Initial results for Levelling off of three different set of samples for (a) 10V
pulses, (b) 12.5V pulses, (c) 15V pulses, with an alternate 5V sinusoid cycle. All three
samples exhibit leveling off, however 12.5V and 15V pulse voltages also show an

exponential increase after leveling off shoulder.
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An explanation of the procedure follows. As we apply a post anodization procedure, and
incrementally remove the alumina barrier, and/or breakthrough the titanium, we expect
an increase in current, as the platinum becomes exposed. As we progress through the
breakthrough throughout the sample area, we expect this current to increase, and
eventually approach or reach a steady state value. This happens as we have exposed most
of the platinum at the base. At this point, the oxygen evolution reaction will begin at
these sites. Further subjecting the sample to the same conditions will only deteriorate the
sample as pores will start becoming wider (as sulfuric acid etches alumina at a
concentration of 0.5M) and this will become the dominant reaction as the oxide starts
getting slowly etched away along the pore walls, as seen in curve (b) after 1000 seconds,
and curve (c) after 2500 seconds in Figure 36. Further degradation sites start emerging
with possible reason being the oxidation evolution at the pore bases that may cause
delamination areas with no alumina. As this back and forth reaction occurs, that may
further increase the current, and further increase the pore size at these sites, until these
sites dominate the current passage, and other reactions are suppressed. Therefore, we
need to try to get breakthrough at as gentle conditions as possible, in order to remove the
barrier layer, and stop the procedure immediately.

This hypothesis was confirmed by the results we got with the piranha cleaned 3.0 nm p-
type wafers, and the 3.5 nm wafers with slightly different results, in terms of current
amplitudes, but similar in behavior or current waveform. In these waveforms the leveling

off is smoother, and the steady state has a smaller slope.
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Figure 37: Leveling off of current waveforms, after anodization at 26V. We can see all
three curves depict the same behavior with respect to the slope indicating that

breakthrough has been reached, at (a) 5V pulses, (b) 7.5V pulses, and (c) 10V pulses.

We expect similar results with n-type piranha-etched silicon wafers, with 3.0nm upper
titanium layer. For this series of experiments, the best results were obtained using voltage
pulses of 5-10 V every two seconds, with the pulses of 150 ms duration. This provides
the time for the solution to relax back to equilibrium during the off -second period. Under
these conditions, the current increases steadily, but eventually begins to level off, which
is an indication that we have reached a steady state consistent with breakthrough down to

the platinum at the base of the pores. On comparison with platinum-only control samples,
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the post breakthrough current levels correspond to a 5-10% porosity of the alumina
template. The samples show no indication of delamination or pinholes. Figure 37 shows a
typical current profile for the samples described immediately above, using (a) 5.0V
pulses, (b) 7.5V pulses, and (c) 10V pulses, to break through the titanium layer following

aluminum anodization.
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Figure 38: Left: Pre breakthrough voltage sweep, there is very low current in the negative
voltage regime, and about 0.4mA at 2.5V in the positive voltage. Right: Post
breakthrough voltage sweep, current is about SmA at 2.5V, about ten orders of magnitude
larger than pre breakthrough. Symmetry shows that both oxidation and reduction at

occurring in the positive and negative voltage regimes respectively.

Figures 38 and 39 show the voltage and current sweeps, before and after breakthrough of
the titanium oxide layer. In Figure 38 a triangular voltage waveform between 2.5V and -
2,5V, starts off with 0.4mA peak in the positive regime, and towards the end the
amplitude reaches a current of around SmA peak value. In Figure 39, a comparison of the

voltage sweep is given, of the multilayer template after breakthrough and a platinum only

73



on silicon control sample.
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Figure 39: Left: Current profile for the multilayer template after breakthrough of the TiO,
layer. Right: Platinum on Silicon Substrate. The current profiles increase and decrease
symmetrically in both, but the shapes are very similar in case of the platinum and the

multilayer that has platinum at the base.
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Figure 40: Anodized alumina nanotemplate showing no residual alumina at base of pores

An SEM of the pore cross section after this procedure indicates successful removal of the
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alumina barrier layer at the pore base, and a straight pore reaching to the bottom of the
template. This is seen in Figure 40. At this point, we have confirmed that the alumina
barrier no longer exists at the pore bases. However, in order to ensure uniform
breakthrough of the titanium oxide layer, we have to apply a number of voltage spikes,
that will uniformly remove the oxide, and expose the platinum at the pore base. Figure 41

shows a voltage sinusoid applied to the template after the alumina barrier clean.
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Figure 41: Post breakthrough pulse procedure to ensure uniform and complete
breakthrough all over sample area. The pulses are 45V in amplitude and 0.15 sec in

duration. After a number of pulses the current almost doubles from 2.5mA to SmA.
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As can be seen before application of the voltage spikes, a voltage sinusoid of amplitude
2.5V produces 2.5 mA. As the platinum is exposed with consistent application of voltage
spikes of 45V amplitude, the current reaches a steady peak of around 4.5 mA. This
completes the optimization of the alumina template, and quantum wires and quantum

dots of different materials can be electrochemically deposited within this template.

Summary

We have optimized the complete multilayer template by employing a variety of
techniques, as well as the anodization procedure, and the post anodization procedure, to
get a very good breakthrough uniformly. We have addressed the critical issues of pore
regularity, sample integrity and adhesion of individual layers within the template. In
addition to the quality of the starting material, we have also achieved excellent
breakthrough with very repeatable results. This is supported by the SEM images of the
cross section of the template that show pore termination at the platinum base, with good
uniformity, pore diameter, and pore regularity. This starting template will have good use

for electrodeposition within the pores, as will be seen in the following chapter.

76



Chapter 5: Electrodeposition of CdTe Quantum Dots and Quantum

Wires and Characterization results

5.1 Electrochemical Deposition Background

Electrochemistry involves chemical phenomena associated with charge separation, which
often leads to charge transfer. It can occur homogeneously in solution, or
heterogeneously on electrode surfaces. To assure, charge electro neutrality, two or more
charge transfer half reactions take place, in opposing directions. Except in the case of
homogeneous redox (reduction-oxidation reactions), these are separated in space, usually
occurring at different electrodes immersed in solution in a cell. For charge transport to
occur, these electrodes are linked by conducting paths both in solution (via ionic
transport) and externally (via electric wires etc.). When the sum of the free energy
changes at both electrodes is negative energy released can be collected by batteries. On
the other hand, if it is positive, external energy can be supplied to electrodes to allow
reactions to take place and convert chemical substances (electrolysis).

Electrode reactions are heterogeneous and take place in the interfacial region between
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electrode and solution. This is the region where charge distribution differs from that of
the bulk phases. At each electrode, charge separation can be represented by a capacitance
and a resistance. The electrode can act as a source (for reduction) or a sink (for oxidation)
of electrons transferred to or from speices in the solution [91]

O+ne—>R (1)
Here O and R are the oxidized and reduced species, respectively. The electrode can also
participate in the reaction as in dissolution of a metal M [91]

M——>M" +ne” 2)

In order for electron transfer to occur, there must be a correspondence between energies
of the electron orbital where transfer takes place in the donor and acceptor. In the
electrode this level is the highest filled orbital, which in a metal is the Fermi energy level
Er. In soluble species it is the orbital of the valence electron to be given or received.
Electrode reactions are half reactions and by convention expressed as reductions. Each
has associated with its standard electrode potential, E?, measured relatively to the normal
hydrogen electrode (NHE) with all species at unity activity (a;). For half reactions at
equilibrium, the potential, E, can be related to the standard electrode potential through the

Nernst equation [91].
RT

E=E’-=""Y v Ina, 3
2 G)

Where v,are the stochiometric numbers, positive for products (reduced species) and

negative for reagents (oxidized species). This tendency of the reduction to occur is given
by

AG? = —nFE’ 4)
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These equations will be reviewed again, in context of the deposition of CdS nanowires.
Two types of cells exist, i.e. galvanic and electrolytic cells. A galvanic cell is one in
which a chemical reaction is transformed into electrical energy. In an electrolytic cell,
electrical energy is converted into chemical energy, by an external voltage source. At the
anode in a galvanic cell, since the oxidation is spontaneous, there is an excess of
electrons at the electrode. In an electrolytic cell, where the oxidation is forced to occur,
there is a shortage of electrons and a positive charge.

Anode Cathode
Galvanic Cell - +
Electrolytic Cell + _
Solvated ions move at different velocities, according to their size and charge. Diffusion is
due to a concentration gradient and migration due to electric field effects. In other words,
diffusion may occur for all species, while migration affects only charged species.

Diffusion is described by Fick’s first law [91]:

oc,
J =-D —*- 3
=D, G)

Where J, is the flux of species i of concentration ¢; in direction x, and is the

concentration gradient. D; is the proportionality factor between flux and concentration

gradient, known as the diffusion coefficient. In the presence of an applied electric field

[1]:
o4
E=— 4
. (4)
J=-p% - L )
ox RT
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Here the second term on the right hand side represents migration. The electric force on
the right hand side is opposed by three retarding forces, namely, a frictional force that
depends on the size of the solvated ion, an asymmetric effect, and a tendency for greater
salvation in front of the ion compared to the direction behind it. In addition there is an
electrophoretic effect that is defined as the ion movement stimulated motion of solvent
molecules associated with ions of the opposite sign, resulting in a net flux of solvent
molecules in the direction contrary of that of the ion considered. Let us describe the
region where the electrode kinetics take place, called the interfacial region. The
thermodynamic driving force and how the reactions take place depend on the structure of
the interfacial region. This region is known as the electrolyte double layer region and the
interfacial region in the solid is known as the space-charge region. The later region is

very thin in metals. A schematic of the electrode solution interface is given in Figure 42.

80



Space-charge Electrolyte double

region layer

\ |/

Bulk Electrode Bulk Solution

< N,
< >

Interfacial Region

Figure 42: Schematic illustration of the electrode-solution interface [91]

The interfacial region in solution is the region where the bulk value of the electrostatic

potential, ¢, differs from that in the bulk solution. The basic concept is of an ordering of

positive or negative charges at the electrode surface and ordering of the opposite charge
and in equal quantity in solution to neutralize the electrode charge. The function of the
electrode is only to supply or remove electrons from the interface. More sophisticated
models exist, such as Helmholtz model, Gouy Chapman model, etc. [91].

In an aqueous solution, the electric double layer can be understood as follows. The inner
layer, i.e. space charge region, is a monomolecular layer of adsorbed water molecules and

ions, and an outer diffuse region that compensates for any local charge unbalance. This
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gradually merges into the bulk solution. In case, of a metal immersed in pure water, the
electron fluid within the metal causes the polar water molecules to adsorb to the surface
and orient themselves so as to create two thin planes of positive and negative charge. If
the water contains dissolved ions, some of the larger (and more polarizable) anions will
loosely bond to the metal, creating a negative inner layer which is compensated by an
excess of cations in the outer layer.

Electrochemistry is the study of reactions in which charged particles (ions or electrons)
cross the interface between two phases of matter, typically a metallic phase (the
electrode) and a conductive solution, or electrolyte. This process or chemical reaction
takes place within the double layer and produces a slight unbalance in the electric charges
of the electrode and the solution. The potential differences essentially dictate the
thermodynamics and kinetics of the reactions that take place.

When semiconductors are formed on a surface of the electrode, they do not constitute the
shape of a perfect single crystal, but a collection of crystals side by side with random
orientations, known as grains. Two major modes of grain evolution exist in
electrodeposition, namely nucleation and growth. Nucleation describes how often a
random arrangement of incoming atoms will spontaneously order itself into a crystal.
Growth is the term that describes how quickly these nucleated regions spread outwards.
Ideally, we want one nucleation site for thin film growth, and many nucleation sites for
nanowires. The following section describes the electrode kinetics, transport effects and

crystal growth in more detail.
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5.2 Reaction Dynamics

To grasp the electrodeposition process better, it is important to understand the following
three mechanisms of the process: electrode kinetics, transport of species in the pore, and
crystal growth. As the process is described further, it will become evident why DC
electrodeposition is preferred and why it is carried out at galvanostatically (constant
current) rather than potentiostatically.

Let us start with some basic terminology. Nernst equation states that the potential of an
electrode through which current flows differs from the equililbrium potential by an
amount [92]:

electrode

Euecrode = Eyg +RTY 2, Ina! (6)
J

where zj is the stoichiometric coefficient (ratio of species with respect to each other for a

binary compound, a one to one ratio is ideally expected, hence a stoichiometry of one) of
the participant species and a? is the activity of species j when zero net current passes
through the electrode. The difference in the potentials is defined as the overpotential

1, and is given by [92].

_ 0
770 - geleclmde - gelctrode (7)
The overpotential is positive for anodic reactions and negative for cathodic reactions.

Moreover the overpotential is a sum of the following three components [92].

Mo = Moy + Meone 1 (8)
Where charge transfer 7, is the charge transfer overpotential , 7, 1is the concentration
overpotential , and 7 ,is the crystallographic growth. The overpotential for

crystallographic growth is the component that we are interested in, however it is difficult
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to measure it experimentally. The way around this is to measure the deviation voltage

AV

dev >

and this is the primary source of information regarding the electrocrystallization of

CdS.

The charge transfer overpotential 7,, is the only reaction that is directly affected by the
electrode potential, and is the amount of activational energy that must be supplied to
produce the desired reaction current by increasing charge transport of carriers through the
double layer. These heterogeneous kinetics can be described by the current potential
characteristic equation below, for the rate determining step of multistep reactions by

using the concentration of the rate limiting species at their electrode interface values
(0.0) :

Cyn [92]:

i = ZF AR lCéO’” et~ (9N _ 0.0 1) ot~ (rds))J )

If the rate step is a one step, one electron process, equation can be written as below [92]:

i i{cgg?,;t) o el _ Cé (b?[zf) U@ e (10)
o R

Where iy is the exchange current, and is a measure of how easily a reduction-oxidation

(redox) couple establishes a net zero current at equilibrium. The transfer coefficient «, is

a measure of the symmetry of the activation barrier for the redox couple. Reaction under
an applied potential may become mass transfer limited or activation limited. The
overpotential region for mass transfer control is termed the concentration overpotential,
which has two components, diffusion controlled overpotential and non electron transfer
related reaction overpotential. Diffusion overpotential is defined by the concentration
gradient induced at the electrode interface versus the bulk concentration of the

electrolyte, and is given by [92]:
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A reaction overvoltage 7, occurs for multistep electrode reactions where the rate of

reaction is not governed by Butler Volmer kinetics [93]. For the case of specific
adsorption in the absence of diffusion limitations, the value of the reaction overvoltage

n.,1s the Nernst equation with the ratio of the adsorbed reactant concentration

participating in the electron transfer reaction to bulk reactant concentration [94]. The

diffusion overpotential 7,, and the reaction overpotential 7,, are often difficult to
separate, and are considered as the concentration overpotential 7., [92].The

crystallization overvoltage 77 ,can be defined as the potential that must be added to the

system at equilibrium to drive the inclusion of adsorbed atoms, after their participation in
the charge transfer reaction, in to the ordered lattice of the growing solid electrode [92].

The crystallization potential overpotential typically includes the lower energy and rapid

step—edge
xlt

step-edge growth overpotential 7 and the higher energy new layer nucleation

nuc

overpotential 77,

. As it is hard to decouple the charge transfer and crystallization

overpotentials, the activation overpotential is going to be estimated by measuring

experimentally the deviation voltage AV, [92].

nuc

The nucleation overpotential 7

is the additional energy required to produce a new 2-D

layer of growth on the solid electrode once the step edges have grown out of existence.
The resulting microstructure of the electrodeposition is a result of the competition
between the propagation of the existing 2-D growth step-edges to the limit of the

nanowire dimensions and nucleation of new growth steps [92].
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5.2.1 Electrode Kinetics:
Baranski has examined the electrode kinetics involved in the reduction of CdS for thin
film semiconductor deposition on noble metal substrates [95], and the synthesis equations

are given below:

*

S&s‘ul chemsorption electrode ( 1 2)
Cdsz(; + 28_ — Cdelectrode ( 1 3)
Cdelectrude + S:lectrode — CdS ( 14)

The driving force in the self organization of such a multi element compound reaction, is

the free energy of formationAGj?.. The more negative the free energy is, the more

selective compound formation will be by minimizing secondary effects. For CdS

electrodeposition, the potential for the overall reaction [92].

Cd2++S+2€7W)CdS (15)
Is given by
AngS

E.,(CdS)=E’,(Cd)- (16)

2F
The above equation can be interpreted in the following way. The formation of the

compound on the cathode is displaced by 0.73 volts for CdS [92], that corresponds to the

0

CdS

second term in the equation, i.e. — . In this situation, Cd is preferentially deposited

on sulfur in a 2-D mode, called underpotential deposition, which prevents Cd
electrodeposition on a Cd electrode surface. The interactions between sulfur are slightly
repulsive, which lead to sluggish specific absorption of sulfur on the freshly

electrodeposited Cd plane, which in turn may be a prospective source of reaction
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overpotential 7, that is a part of the concentration overpotential 7. .This holds true, if

large stoichiometric excess of sulfur is not used in the reaction, or reaction is not
conducted at elevated temperatures. This mechanism holds true for a variety of
chalcogenide semiconductors (Cd or Zn) based, i.e. CdTe, CdS, CdSe, thereby allowing

bandgap engineering by solution composition and applied voltage [92].

5.2.2 Transport Effects during Electrocrystalizatoin

The primary mass transfer effects are diffusion and convection for both participating
species, i.e. Cd" and S. The presence of an electric field will also cause electromigration
of Cd" within the nanopores. This and other effects such as double layer interactions and
electro osmosis are considered secondary effects [92].

The following set of equation describes the flux of ions in a solution in the presence of an
applied field. As an approximation, only z component of the flux is considered. The axis
is aligned such that the pore axis is parallel to the z axis [92].

_ _ v.F
J. = DjVC_/.—IéT

D,C;Vg+Cv (17)

i
The first term is the diffusion, the second term is the electromigration due to the applied
field V¢, and the last term is the flux of ion j due to bulk fluid flow. The solution of the
equation describes the concentration overpotential during the deposition of CdS. Recent
works by Heerman,[96] and Mendoza [97] on diffusion controlled electrochemical
crystallization, that is typical in the nanowire growth, have described the solutions to be

locally smooth, low frequency, decay type functions, that allow for separation of

timescales between crystal growth and nucleation phenomenon from mass transfer

87



effects. The rate of change of the overpotential with respect to the wire length axis,
increases first, and then decreases as the electrode proceeds towards the pore mouth. The
diffusion distance inside the pore is reduced the concentration gradient increases. As the
growing CdS nanowire approaches the pore mouth, the concentration overpotential

1. Starts to decrease. This is typically seen in deposition curves for nanowires [92].
The lower frequency decay type behavior is typical of 7, , and the higher frequency
crystal behavior is 77,,.The activation potential 7, can be obtained by locally fitting the

data, removing the low frequency trend, and then creating a zero sum signal [92]. The
residuals defined as deviation voltage, are shown to contain the necessary information
that describes the crystal growth. Electro-osmosis effects and electro migration effects

can be neglected [92], as most of the information lies in the deviation voltage.

5.2.3 Crystallization Effects of Electrodeposition

The electrodeposition dynamics are governed by two rate determining steps. On the one
hand, the electron transfer reaction must produce an adatom on the electrode, with
different rates for different crystal faces [92]. On the other hand, surface diffusion to
kink/step sites and incorporation into the lattice takes place, which is also dependent of
the crystal surface. If a perturbation is applied to the field with a characteristic time
shorter than the time required for surface diffusion and lattice incorporation, additional
nucleation sites will emerge [98]. These additional sites will possibly produce stacking
faults, vacancies, and grain growth with boundaries, that contributes to the nonuniform
propagation of the surface. This is the possible reason that AC produces high defects [99]

while DC galvanostatic control electrodeposition produces nearly single crystalline
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growth [100]. For the later, the goal is to allow the electrocrystallization system to choose
its most energetically favorable level of overpotential and allow the system to govern its
own microstructure [92].

Mononuclear layer by layer growth, takes place on quasi perfect faces [101], only at
overpotentials in the vicinity of or slightly above the critical nucleation overpotential for
the system [102]. At higher cathodic voltages, the nucleation rate increases steeply and
additional nucleation sites emerge as the 2-D underpotential deposition (UPD) behavior
transitions to the more typical 3-D multilayer, multi nuclear overpotential deposition
(OPD).

Two important factors dominate electrochemical 2-D nucleation with layer by layer
growth [92].

1. The average nucleation period 7,,, = (J,,.77. Aeunose) . With the nucleation rate

J,.. as a strong function of 77, and the surface area of the cathode A4

nuc cathode *

. . _ 4l2 -1 . :
2. The propagation time 7, = 4,,1,,,.V 1., required for a monoatomic layer to cover

the whole surface area A4 of the face.

cathode
The nucleation rate J, 7 ,1s shown by Budevski et al. [102] to be an exponential
function of the overpotential 7_,. The step propogation velocity vz, is a linear function
of the overpotential 7 ,, according to Staikov et al. [103], of the concentration of the
adatoms on the surface and therefore can be approximated as a linear function of the

overpotential 7 . This approximation holds for the low overpotential 7, range when the

zF\n,
Butler-Volmer term of equation (4) satisfies the following % <1, which is typical of

&9



electrocrystallization in the low Cd limit. If the average nucleation time 7, is much

nuc

larger than the time required to propagate the step edges to the boundary of the system

7,, each layer will form to completion before subsequent nucleation. This is the reason

galvanostatic deposition is employed as the system will operate at the lowest possible

AV, e t0 achieve a set current, which minimizes 7 ,amd maximizes 7, [92].

This gives the basic foundation for galvanostatic electrochemical growth of II-VI
semiconductors, i.e. CdS, within a nanoporous template. The experimental apparatus is

described next.

5.3 Apparatus for Electrochemical Growth

The experimental setup for growth comprises of three water tight, completely sealed
chambers that are connected to each other via tubes that serve for vapor exit only. The
cover has six openings of different sizes for a stirrer, a working electrode/sample, a
platinum counter electrode, a platinum reference electrode wire, a condenser, and a
thermocouple. The condensers in all three chambers feed into a manifold that is in turn
connected to an oil bubbler, where the vapors get mixed into the oil, and thus vapor
pressure is released with no possible back path for surrounding air to enter. The
condensers have a water inlet and outlet that is connected to the chiller. The chambers are
opened only when the sample needs to be immersed into the solution or at completion of
the experiment to take the sample out. This ensures that the solution is isolated from any
possible sources of contamination in the surrounding atmosphere, as well as keeping the
chemicals confined in the chamber, for safety issues. The solvent used in all of the work

is DMSO (Dimethyl sulfoxide) that is an excellent solvent for cadmium chloride (CdCl,),
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with sulfur (for CdS), tellurium (for CdTe) and selenium (for CdSe), and combinations
thereof (for alloy deposition). In addition, DMSO does not react with the alumina
template. Once the experiments are completed, and the solution has cooled down, argon
gas is passed through the chambers, to draw any vapors that were in the chamber to the
oil bubbler where they are mixed, and thus the chamber has an argon blanket on top of
the solvent. The setup is shown in Figure 43. The vessels are heated by a built in metal
within the glass wall, that is temperature controlled by a power supply that reads the
temperature through the thermocouple, and controls it within an accuracy of 0.1° C. For
electrodeposition a computer software written in LabView controls a Gamry card that
serves as a power supply for potentiostatic or galvanostatic reactions, and also records the
data with very high accuracy (in micro volts) and high data rate (in kHz). This level of
accuracy is required for electrodeposition where we expect current and voltage variations

to be in micro regime.
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Figure 43: Experimental Setup for Electrochemical Deposition for II VI Semiconductors

Electrochemical deposition is carried out in a solvent based environment

5.4 Quantum Wires, Quantum Dots Electrodeposition in Alumina Templates

Many methods are employed for depositing materials in PAA, including chemical vapor
deposition [104], electrodeposition [105], electroless deposition [106], and sol gel
deposition [107]. More recently VLS has been utilized for deposition of Si, and Ge
nanowires within anodic alumina membranes [108]. Of all approaches for depositing
semiconductor nanowires into PAA, electrochemical synthetic approach is the most

favorable [8].
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Semiconductor quantum dots have been fabricated by various techniques including MBE
[109], MOVPE [110], CBE [111]. Devices have also been realized most important being
quantum dot lasers and single electron sources. III-V semiconductors have been the focus
of most of the quantum dot research, and more of the synthesis involved in II VI
semiconductor quantum dot fabrication has been in chemical and thus difficult to
integrate in silicon technology [112]. Quantum dots are used as single photon sources for
their stability, narrow spectral linewidths, rapid radiative decay rates, and possibility to
be integrated into larger structures [113]. For photodetector applications quantum dots are
more attractive than nanowires as they inhibit phonons due to increased discretization of
density of states, and are less prone to temperature variance [8]. PAA has been used as a
host for growing nanowires, in case of quantum dots however its use has primarily been
of a mask for quantum dot fabrication. This was demonstrated with techniques like
thermal evaporation [114], and MBE [115]. Ni Quantum dots were also fabricated within
porous alumina using electrodeposition as a technique, however there results indicate that

nanostructures obtained after deposition and barrier removal do not lie at the base [116].

5.4.1 Template Fabrication

Starting with an n-type Si substrate, the following metal layers were sequentially
deposited (without breaking vacuum when switching between metals) using electron
beam evaporation at a vacuum level of 10 torr: 30 nm layer of Pt, 5 nm of Ti, and 500
nm of Al, as given in ref [8]. Once these metals are deposited on the desired substrate, the
wafer is placed in an electrochemical cell with the wafer and template serving as the

anode and a Pt cathode counter electrode. The anodization is carried out in an agitated
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0.5M H ,SO; solution at 10°C at a constant 25V. As the anodization terminates and the
Ti at the base is exposed, the voltage is ramped at a rate of 1.5V/min to ~55V and in the
process removing the alumina barrier at the base of the pores. Subsequently, the voltage
is ramped several times from the anodization potential to 55V at a rate of 1.5V/min, to
clean up the pores. The sample is removed from the anodization chamber after this
procedure, and rinsed with distilled water, and dried. A pore widening etch is then
performed using a 5% by weight H;PO4 solution at room temperature for 30min., and

then the sample is rinsed and dried.

5.4.2 Quantum Wire Fabrication Results

Results for the electrodeposition are presented. CdTe was cathodically deposited in
anodic aluminum oxide (AAQ) template at the constant current density of 0.25-2.5 mA
cm * for 10~20 minutes at 160°C. The electrolyte solution consisted of 1.00 mol L™
CdCl,, 0.01 mol L! TeCly and 0.3 mol L 'KIin glycol [105].

The photoluminescence (PL) results of CdTe films at room temperature indicate
transmission peak at 730 nm, which matches closely the peak found in litterature. The
slight bulge in the PL peak at around 783 nm is attributed to excitons bound to neutral
acceptors.

The shoulder seen at around 795 nm is attributed to the acceptor centers which are
isolated cadmium vacancies that are responsible for Te*" surface trap states [117]. A
series of thin films were prepared for different deposition currents of 0.25mA, 0.5mA,
1.5mA, and 2.5mA, as shown in Figure 44 below. The deposition time was maintained

constant at 5 minutes in each case. We can see that the shoulder at around 650 nm
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decreases with decreasing the deposition current.
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Figure 44: PL results of CdTe for different deposition currents at Room Temperature. A
decrease in current usually has the effect of increasing grain size, and reducing defects in

the structure being deposited [92].

CdTe nanowires have been deposited in the anodized multiplayer template with Pt
exposed at the bases, and then pore widened etched with phosphoric acid. Again the bath
used was the same as above. We were able to get nanowires deposited; however there
was a concern about the presence of the template matrix around the nanowires. The
template seemed to have dissolved, at inspection of SEM. An image of the SEM of the

nanowires is given in Figure 45. As seen in Fig. 45, the nanowires are loosely distributed
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and short in length, and the template is missing.

8813439 18.8kV X78. 0K

Figure 45: SEM of CdTe Nanowires electrochemically deposited in Ethylene Glycol
Solution. The template has bee etched away within a couple of minutes of
electrodeposition. The bar is 375 nm in length on the left image, and 429nm in the right

image.

There are two possible sources of the dissolution. The first one is that the template is
getting dissolved prior to the electrodeposition, which is unlikely for a 30 minute etch, as
pore widening etch study on the alumina template only negates that. The second
possibility is that the solvent is reacting with the alumina template. It is known that
alumina is stable at a pH of 5-8 [118].

An analysis of the solution’s pH confirmed the solution to be 3, hence acidic. Therefore
the dissolution was occurring in the electrodeposition bath. As the depositions were
carried out in Ethylene Glycol solution, and the fact that alcohol groups can participate in
Acid/Base chemistry, it was understood that we need to change the solvent. DMSO was
attractive because it can solvate a wide range of ionic and non-ionic compounds and is
aprotic. Thus, a non-aqueous aprotic solvent is a better match for our AAO system. So

the synthesis technique for CdTe nanowire growth was modified.
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Fig. 46: Cross-sectional SEM view of CdTe nanowires grown using the alumina based
nanotemplate. The alumina has pores that are long and straight allowing for the

fabrication of high quality nanowires.

The DMSO solution consisted of CdCl, and Te powder [119]. SEM Images of the
nanowires in the template as a cross section are given in Figure 46. A better image to
confirm successful CdTe nanowire deposition was achieved by dissolving the template,

and an SEM of the nanowires is given in Figure 47.

Fig. 47: SEM Top view of CdTe Nanowires, using DMSO as a solvent after template

removal. The nanowires have diameters of approximately 10nm.
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5.4.3 Quantum Dot Fabrication Results

There is not much difference in the fabrication technique for quantum wires versus
quantum dots. The deposition time can be short for the fabrication of QDs, it can be long
for the fabrication of QRs, and the growth solution can be changed during the deposition
to allow for quantum wire heterostructures or superlattices composed of different 1I-VI
semiconductors to be fabricated.  Therefore, after successfully depositing CdTe
nanowires within the template, we optimized the alumina template as mentioned in the
previous chapter, to get good quality nanostructures, and more consistent
electrodeposition results. During this process, it was possible to deposit high density
CdTe quantum dots. Electrodeposition of CdTe quantum dots was carried out in a
dimethyl sulfoxide bath, with 0.005M CdCl, and 0.004M Te powder at 140°C, at a
current density of approximately 0.3mA/cm2, for Smin following a similar recipe to the
one given in [119]. For structural characterization the alumina template was removed
completely by immersing it in a 5% by weight H3PO4 for an hour at room temperature.
An SEM of the quantum dots is shown in Figure 48. Luminescence data, taken at room
temperature using a computer controlled Ocean Optics USB 2000 spectrometer. The
sample was excited by a LED centered at 365 nm, with a band pass filter of 25 nm. The
luminescence spectrum was collected by a collomating lens of quartz, connected to a

fiber that was in turn connected to the spectrometer.
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Figure 48: An SEM image of the top view of the QDs is given in Fig. 7(a). The QDs
exhibit a hexagonal close packed distribution, identical to the arrangement of the pores in
the alumina. An SEM image of the CdTe dots taken at a 15° angle is shown in Fig. 7(b).

A uniform distribution of uniformly sized QDs with regular spacing, and a diameter of
15.5nm and pore spacing of approximately 30nm are observed. Also this array of QDs

has a very high packing density, approximately 1.5x10'%cm2.
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Figure 49: Luminescence Result for CdTe quantum dots at room temperature

Luminescence results of the sample are given in Fig. 49. As seen in Figure.49 there is a
broad peak at around 564nm, and a lower intensity peak at around 740 nm. The second
peak corresponds to the bandgap of CdTe shifted by confinement effects that is expected
in quantum dots or wires. The analytical expression for the shift, for cylindrical quantum

dots [120] is given by Eq. (1).

2 2 2 2
E,=E +E =1+ (ﬁj +(1j
2m, 2m, R H

6, = 2.404

(18)

m, =0.096m, and " T 0.4m, , as the first zero of the Oth order

Given and
Bessel function. For a quantum dot radius of 7.75 nm, and height of 20nm, the ground
state energy level calculated using Eq. (18) is 0.0596 eV. However, the excitonic
Rydberg energy also contributes to a blue shift and the new energy term is given

Equation (19) [121].

E,. =E,+E,+0.752R

(19)
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The value of R=10mel Here, we haven’t taken into account the Coulombic

interaction, which is much smaller compared to Exand M. The above values added move
shift the bandgap from 1.606eV [121] (772 nm) to 1.6731eV (741 nm), as seen in Figure
49 as the smaller peak. Therefore it is seen that the optical bandgap, or direct electron-
hole recombination contributes to a lesser extent to the emission spectrum, compared to
the emission by the defects, centered at 564 nm. This peak also called the yellow band
emission [122] has been attributed to Cd vacancies [123], and has also been seen in CdS
thin films.

We believe these results, including the uniformity of the size and distribution of the QDs
and the high packing density, using a practical self-ordering mechanism for fabrication
(i.e., PAA and the multilayer template), are the best yet reported in the literature on the
subject.

Summary

This chapter has described electrochemical deposition in brief, with reaction dynamics.
Results within the optimized template have been also mentioned, with characterization
results. It can be seen that the optimized template is an excellent starting material for
fabrication of quantum wires, quantum dots, and hybrid structures. The next chapter

gives future directions in connection with the newly optimized template.
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Chapter 6: Conclusion and Future Direction

We have optimized a multilayer template that has great utility for nanowire, nanodots,
and other combined nanostructure fabrication, by using electrodeposition, in general.
Other techniques can also be employed, such as VLS, MBE, etc. Our results indicate
extremely uniform barrier layer removal and titanium oxide layer breakthrough, and good
structural integrity of the template after the procedure. A good starting template is
indispensable for a good device operation based on this material. Future work within this
area would be on two fronts, the theoretical front and the experimental front. These are

mentioned in the following two sections:

6.1 Theoretical Front:

On the theoretical front our calculations for the energy levels and absorption are based on
the parabolic approximation in context of the envelope function approximation. A brief
overview of the parabolic approximation is presented next.

In crystalline materials the main source of current are the electrons and holes. The major
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carrier dynamics emerges from the diffraction of electrons and holes off the periodic
potential. This diffraction produces the band structure that is a combination of relations
between energy and momentum. We assume that the crystal potential is a constant. Then
it is possible to apply the Schrodinger’s equation in vacuum. As the crystal structure is
not vacuum, all effects of the crystal potential on the electron are included in its mass

known as the effective mass m'. The time independent Schrodinger’s equation becomes.

2

~ vy —ky (1)
2m

The energy solutions for the above equation are of the form

E=—— )

This assumption is also known as the effective mass approximation. At low energy near
the band edges, there is a quadratic relationship between energy and the wave vector k,

and the energy vs. k has a parabolic form, as can be seen in Fig. 50.
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Figure 50: A schematic of the parabolic approximation near the band edges

Electron and hole energy states as a function of wave vector k in the parabolic
approximation. The electron and hole effective masses for the conduction and valence
bands are given by m. and my. As the effective mass of the electron is much smaller than
that of the hole, corrections including second order perturbation theory and beyond make
more sense for conduction band than for the valence bands. The conduction band

dispersion can be written more accurately as [ 124].

272
E(k):EC+hk

c
me

vak' + Bl 2k + 2k + k) 3)

Within close proximity to the band edge, it is customary to use the parabolic

approximation, especially for wide band gap materials, e.g. InSb.
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Figure 51: Image showing different techniques for theoretical analysis of band structure

that have been studied, and scope of each approach [125]

The bulk band structure of a typical direct gap semiconductor with cubic or zinc blende
lattice structure and band edge at the I' point of the Brillouin zone is given Figure.51
[125]. Figure 51 shows the parabolic approximation as well as other approaches and
depicts what other bands are included for the relevant techniques. The band structure
shown in figure is typical for semiconductors such as GaAs, InAs, CdSe, CdTe, CdS or
InSb. As seen only the band edges of the conduction band and valence bands are
parabolic. The valence band shows fourfold degeneracy at ['s. These account for the light
holes and heavy holes. The point I'; is the spin orbit split off band. For device design we

required better understanding of the material properties, in order to be able to predict
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optical behavior we need to include the effects of nonparabolicity. The optical properties
of materials in the quantum confinement regime arise from transitions between the
energy sublevels of electrons and holes. Therefore a more accurate derivation follows
from energy calculations based on the real band structure of the semiconductors.
Effective mass approximation has been extensively used to describe electronic motion
near band edges. This approach gives very good results with the condition of weak
perturbations, i.e. applied magnetic and electric fields, in particular to the shallow
impurity problem [126]. The validity of slowly varying perturbation is violated in the
structure of a quantum well [127], because the difference between the potentials in the
well and the barrier layer is not small nor slowly varying [127].

For lower bandgap semiconductors as well as lower dimensions, such as quantum wires
and quantum dots there needs to be a better approximation that is based on all parameters
affecting the particle, such as band coupling, spin orbit coupling, etc. for more accurate
results required for good device design. An eight band calculation will thus be required
for accurate modeling of materials and devices. Such a study was carried out by PB
[128]. PB studied the magnetic energy levels in the valence and conduction bands at the
zone center, by a modified version of the L.K. effective mass method [126]. They have
included coupling between conduction and valence bands exactly, and effects of higher
order bands to order k*. This includes the effects of non parabolic conduction and light
hole bands, as well as warping of the conduction and valence bands, and the quantum

effects of the light and heavy hole valence bands.
Therefore later simulations need to address the calculation based on the & e ptheory, in

context of envelope function approximation with second order effects included. As a
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starting point in case spin orbit interaction and external fields are ignored, that will be

included later as perturbations, the lattice periodic functions obey the following relation.

2 2712
h A+ i k~EV+hk
2m, 2m, 1 2m,

+ W (r) Juy (r) = E;(kJu (r) (4)

The term in the bracket is the Hamiltonian. Applying perturbation theory, the following

decomposition can be used.

H(k)=H" + HY(k)+ (5)
2m,

2

2O = - A v w(ry 2O ="k My ©)
2m, 2m, 1

2712
The term 5 is a scalar and does not affect the eigenfunctions. The eigenvalues and

my

eigenfunctions in the vicinity of k=0 can be calculated by the unperturbed eigenvalues

and eigenfunction, £, = E, (k=0)and u ; =u, - The matrix elements of the perturbation

are evaluated from the following expression.

VIO )=k sy = [, )9, ™)

0 00, !
Which is why it is called the “k - p * theory. [129]

Hence, on the theoretical front, better more accurate calculations involving a full eight
band approach needs to be taken. In addition, phonons need to be studied in greater
detail, to study operation with respect to temperature variance.

The present theoretical is based on the effective mass approximation in context of the
envelope function approximation, which is described without going into atomic details.

This approach has turned out to be quiet successful, as it is a good compromise between
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simplicity and reliable results. For more accurate analysis, other techniques may need to
be explored. This is because as materials are scaled further down, EFA approximation
may not be accurate anymore. In such a scenario, the theory has to be replaced by an ab
initio approach, that would be much more complex itself as well as the computational
cost it would require. The ideal situation would be to have a complete quantum
description based on a full band approach, while avoiding the computational load of ab
initio techniques, and limitations of EFA.

Localized basis approaches such as the tight binding (TB) approach have been
extensively used to predict electronic properties of nanostructure [130]. TB methods can
also be coupled with Transfer Techniques or Green Function Techniques to study
transport properties in nanostructure systems. The TB approach being a full band
approach overcomes the shortcomings of the envelope function approximation and
includes atomic details, for a realistic formulation of the band structure in the complete
Brillouin zone. Future work on the experimental and fabrication front is briefly stated
next.

6.2 Experimental and Fabrication Front:

At this point, we have optimized the multilayer template. We have shown
electrodeposition of CdTe nanowires, nanodots, and CdS nanowires. Future work will
include structural and optical characterization of the fabricated materials, including II-VI
semiconductor quantum wires, quantum dots, superlattices, and other combined
structures of one material or ternary alloys of the II-VI semiconductors, such as CdSSe,
CdZnSe. The possibility of electrodepositioin of III-V materials can also be explored

with in the template [131].
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Photodetection applications are a small subset of the types of application that template
based nanostructures can have, e.g. lasers, diodes, chemical biological sensors, etc. and
these can be explored. With the added advantage of having the substrate of choice, i.e.
silicon, this process can allow for many types of device structures to be fabricated and
easily integrated with other circuitry. One possible application in case of photodetectors
would be focal plane arrays, with readout circuitry on the same substrate. A schematic of

the readout circuitry is shown in Figure 3.
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Figure 52: Readout Circuitry for Focal Plane Array that can be fabricated on the same

substrate, due to ease with si integration.

For this to be realized a study of issues related to incorporation of this material into a
device structure, for which packaging steps such as interconnects, and device layout need

to be understood and implemented. A very promising device application for these
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structures would be a focal plane array.

The template has been fabricated on silicon to be able to integrate it with existing
technologies. Another device application may be a multiwavelength detector, as shown in
Figure 4. The structure has multiple stacks of nanowires, on a float glass substrate. The
absorption of each layer has a window width that decreases from top to bottom. For this
different semiconductor materials can be used, each tuned to absorb a certain range of the

spectrum, as shown in Figure 53.
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Figure 53: Schematic device structure of cascaded II-VI heterostructure quantum wire

multiwavelength detector.

This is just a few directions in which research can be conducted based on the multilayer
template and nanostructures based on the same. At this point we are exploring the
fabrication of alloys, and nanowire heterostructures of II-VI semiconductors within this

material structure.
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