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ABSTRACT

Nanostructured composites are attracting intense interest for electronic and
optoelectronic device applications, specifically as active elements in thin film
photovoltaic (PV) device architectures.

These systems implement fundamentally

different concepts of enhancing energy conversion efficiencies compared to those seen in
current commercial devices. This is possible through considerable flexibility in the
manipulation of device-relevant properties through control of the interplay between the
nanostructure and the optoelectronic response.

In the present work, inorganic

nanocomposites of semiconductor Ge embedded in transparent conductive indium tin
oxide (ITO) as well as Ge in zinc oxide (ZnO) were produced by a single step RFmagnetron sputter deposition process.
It is shown that, by controlling the design of the nanocomposites as well as heat
treatment conditions, decreases in the physical dimensions of Ge nanophase size provided
an effective tuning of the optical absorption and charge transport properties. This effect
of changes in the optical properties of nanophase semiconductors with respect to size is
known as the quantum confinement effect. Variation in the embedding matrix material
between ITO and ZnO with corresponding characterization of optoelectronic properties
exhibit notable differences in the presence and evolution of an interfacial oxide within
these composites. Further studies of interfacial structures were performed using depthprofiling XPS and Raman spectroscopy, while study of the corresponding electronic
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effects were performed using room temperature and temperature-dependent Hall Effect.
Optical absorption was noted to shift to higher onset energies upon heat treatment with a
decrease in the observed Ge domain size, indicating quantum confinement effects within
these systems.

This contrasts to previous investigations that have involved the

introduction of nanoscale Ge into insulating, amorphous oxides. Comparison of these
different matrix chemistries highlights the overarching role of interfacial structures on
quantum-size characteristics. The opportunity to tune the spectral response of these PV
materials, via control of semiconductor phase assembly in the nanocomposite, directly
impacts the potential for the use of these materials as sensitizing elements for enhanced
solar cell conversion efficiency.
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CHAPTER 1

MOTIVATION

Beginning primarily in the 1970s, concerns of global climate change, energy
independence and the depletion of fossil fuel resources have been in the forefront of
many of the world’s political and economic issues. This has driven a shift toward the use
of clean and renewable energy sources that is unparalleled historically. A large number
of viable technologies have emerged in an attempt to replace fossil fuels with alternative
energy sources including wind turbines, geothermal, biomass and solar photovoltaics
(PV). Despite the hugely positive implications on the environment that these methods
hold, particularly sunlight’s potential for supplying energy, only a relatively small
fraction of the world’s energy is provided by these alternative energy mechanisms.
On average, the Earth receives 2540 EJ (EJ = 1018 J) of solar energy per day on
land. As of 2008, the total worldwide energy consumption per day is approximately 1.46
EJ. This implies that if sunlight is harvested and stored properly, the energy received in a
single day could more than power the world for an entire year. The potential for solar to
provide and exceed the world’s energy needs is significant, at least two and a half times
more than any other alternative energy resource (Figure 1.1) [1–3].

Although this

potential is large, there are many issues hindering more widespread use of solar energy,
one of which is the fundamental conversion efficiency of existing, commercially-made
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solar cells relative to their cost.

Currently, the most commonly used solar cell is

manufactured with single crystal silicon (Si). Si is a semiconductor material abundant in
the Earth’s crust, however, the production of its single crystalline form is an expensive
process. Years of research have found many alternatives to the high cost of single crystal
Si production in harnessing the sun’s energy, either by reduced materials or materials
processing costs, or developing new materials for increased conversion efficiency.

Figure 1.1 World energy use in 2008 and annual renewable energy potential with
current technologies.

1.1

Three generations of photovoltaics
An examination into how the manufacturing and research of solar cells have

evolved over the past few decades presents an interesting grouping of varying
developmental phases. The use of single-junction crystalline Si solar cells, the majority
of commercially made devices particularly in 2003, can be categorized as the “first
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generation” of this technology. Continued use and maturity of this technology found the
overall costs to become increasingly dominated by the starting materials which were
already made in high volume and, hence, had little potential for cost reduction.
Individuals had predicted the material cost to eventually soar to over 70% of the total
manufacturing costs with only slight increases in solar cell efficiency, which had
previously been calculated to an upper limit of 33% for single junction devices by
Shockley and Queisser in 1961 (known as the Shockley-Queisser limit) [4]. Single
junction cells have achieved approximately 20% commercially [5]. In an attempt to
remedy these issues, efforts began to focus on approaches toward dramatically reducing
overall production costs.

“Second generation” photovoltaics generally refers to the

utilization of thin film deposition methods to manufacture a larger area while decreasing
costs using relatively small amounts of materials such as amorphous Si (a-Si),
polycrystalline Si, copper indium gallium selenide (CIGS), cadmium sulfide (CdS) and
cadmium telluride (CdTe). Although second generation devices are about one-third the
cost of first generation devices, their efficiency ultimately suffers due to the presence of
defects. Moreover, the materials cost would eventually dominate based on usage of
much larger high quality glass sheets for module encapsulation. In essence, second
generation devices attempt to dramatically reduce overall costs to increase the production
factor at the expense of being able to achieve efficiencies closer to the Shockley-Queisser
limit.
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The “third generation” of photovoltaics addresses these limitations by
significantly increasing efficiency two to three times to eventually advance toward the
thermodynamic photovoltaic limit of 93% [5].

This is possible by incorporating

fundamentally different underlying concepts of light harvesting in combination with the
low costs of thin film deposition methods. Given that the Shockley-Queisser limit is
derived from the ideal conversion of one photon to one electron-hole pair and perfect
charge collectionin a junction based on a single band gap material, third generation PV
can surpass this by incorporation of multiple band gaps, production of multiple carriers
from a single photon and other methods. To bring these possibilities to realization,
“quantum” materials which have significantly enhanced optical and electronic properties
when compared to their bulk form can be utilized. Figure 1.2 graphically depicts the
relationship between these three PV generations, the Shockley-Queisser and
thermodynamic limits as well as the overall cost per watt [6].
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Figure 1.2 Efficiency and cost projections for first, second, and third generation PV
technologies with respect to the Shockley-Queisser and thermodynamic limits. [6]

1.2

Third generation solutions to PV loss mechanisms
One of the most important characteristics within the common single junction PV

device and with all materials, particularly semiconductors, is the band gap: the energy
difference between the highest energy level of the valence band and the lowest energy
level of the conduction band. Because the value of the band gap determines the photon
energy required to excite electrons into the conduction band for use as current in a circuit,
it is vital to the performance of a solar cell. In single junction devices, which contain one
band gap, the two most significant energy-loss mechanisms are the inability to absorb
photons with energy less than the band gap (transparency) and thermalization of photon
energies exceeding the band gap (processes 1 and 2 in Figure 1.3 below). These two
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mechanisms alone account for the loss of more than half of the incident solar energy
conversion to electricity [6]. Third generation PV encompasses a number of methods in
addressing these two key concerns.

Capturing the full energy of carriers before

thermalization (hot carrier extraction) is possible through the careful design of energy
selective contacts [7]. Generating multiple carrier pairs per high energy photon (or
generating one carrier pair with multiple low energy photons), known as multiple exciton
generation (MEG), takes advantage of incident photon energies 2-3 times that of the band
gap energy to create additional electron-hole pairs by subsequent exchange of excess
energy with another atom [8,9]. Finally, increasing the number of band gaps present to
absorb a wider range of photon energies is an approach associated with the stacking of
multiple junctions (also known as tandem or multi-junction cells) or utilizing
nanostructured materials which provide a variation in band gap based on size.

Figure 1.3 Energy loss processes in a single junction cell: (1) nonabsorption of
below band gap photons; (2) thermalization loss; (3) and (4) junction and contact
voltage losses; (5) recombination loss (radiative recombination is unavoidable). [6]
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1.3

Nanostructured semiconductors in third generation photovoltaics
Nanoscience and nanotechnology offer exciting, new approaches to addressing

the efficiency challenges in solar cells. Large-scale production requires not only device
designs for high efficiency and stability, but also an ability to produce large area, uniform
films. The introduction of nanoscale structures, particularly in thin films, has provided a
potential means of reaching or even surpassing the theoretical maximum efficiency of
single junction devices without the large-scale production limitations. As semiconductor
materials are reduced dramatically in size, unique optical and electronic properties are
revealed which were not previously captured in bulk form. Perhaps the most intriguing
and inimitable aspect of nanophase semiconductor structures, also known as quantum
dots, is the ability to vary the band gap of a material with spatial extent of the
semiconductor lattice itself. Small dimensions give rise to a quantization of carrier
energy states, allowing a variation in the band gap for each nanoparticle depending on
size, a phenomenon identified as the quantum confinement effect. Early work showing
experimental evidence for quantum size effects was performed in 1981 by Ekimov and
Onushchenko [10] for microcrystallites of cuprous chloride (CuCl) suspended in a glass.
The quantum confinement effect is described further in the next chapter. This effect
hinges upon the electronic characteristics of semiconductors that determine the
interaction between excited electron and hole pairs, called excitons, and the confining
boundary that limits their movement within the semiconductor lattice. Insertion of these
nano-sized particles in a thin film can provide the means to sensitize a single junction,
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offering a greater degree of spectral absorption through the introduction of a variety of
energy band gaps. Synthesis methods and size analysis of these particles have been
investigated in a range of semiconducting materials, including Si [11–13], cadmium
telluride (CdTe) [14,15], and germanium (Ge) [16,17] (these are example references;
further investigation and current field overview are included in the following chapter).
Ge is of particular interest due to its small effective electron and hole masses and larger
exciton Bohr radius than Si, making the quantum size effects on the electronic structure
more prominent, even for relatively large (15-20 nm) crystal sizes.
Quantum dot structures have been suspended in a number of matrix materials for
various applications, either for passive mechanical support or for complementary optical
and electronic function. In order to utilize the potentially useful properties of quantum
dots within photovoltaic applications, a solid-state inorganic transparent conducting
embedding material provides enhanced environmental stability, photon transparency and
free carrier transport. The objective of the following research is to provide a fundamental
and characterization-centered understanding of how these mutually supporting materials
(TCO and Ge) interact in a nanocomposite to provide enhanced nanostructure and
optoelectronic responses.

Specifically, investigation of the interface is important in

defining the confinement conditions of Ge and potential trapping and long-range
transport of carriers. An array of characterization techniques is used to probe the nature
of the interface and its contribution to the use of these composites in the context of PV
implementation.
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CHAPTER 2

BACKGROUND

The unique optical and electronic properties of quantum dots arise from a
combination of quantum effects that occur when electrons and holes are confined to small
regions of space. In the present chapter, an explanation of the length scales at which
confinement effects occur is provided through the discussion of exciton formation, along
with a description of these correlated quantum states. The quantum confinement effect
can then be understood in terms of varying size and shape, giving rise to variation in the
density of states for such systems. In these cases, the exciton Bohr radius provides an
intrinsic length scale which determines the impact of the lattice spatial extent on carrier
energy state properties.
Thus, different semiconductors exhibit different ranges of size-dependent effects
depending upon their excitonic Bohr radii. With the knowledge of quantum dot energy
states in hand, an introduction to the p-n homojunction is offered as a baseline for
utilizing these nanostructures in sensitizing a single junction to increase energy
conversion in photovoltaic devices. Because physical vapor deposition is used in the
preparation of the nanostructured materials used in the present work, processes of
importance to thin film formation are presented. A literature review of past studies
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performed on a range of quantum dot materials within various matrices will be presented
as a context for the potential impact of the current work.

2.1

The exciton
In order to explain the properties of quantum dots, an understanding of inherent

excited carrier properties in bulk semiconductors is necessary. The band gap, one metric
of band structure changes in semiconductor materials, is a central theme to determining
energy characteristics related to the behavior of electrons and holes in varying thermal
and photon energy conditions. It is well understood that “free” carriers can be formed
when the incident energy of photons is equal to or more than the band gap value.
However, if the photon energy is not sufficient to produce a free carrier, an alternative
structure can be created where a valence electron is excited out of its equilibrium state
and into an orbit about its potential minimum, essentially an electron bound to a hole by
Coloumb attraction [18]. This stable pair of carriers is known as an exciton, and the
orbiting behavior is often compared to that of the classic Bohr model for an electron and
nucleus in a hydrogen atom. In terms of this analogy, the band gap is the ionization limit
of the electron-hole bound states wherein photon absorption at higher energies creates
“free” electrons and holes with excess kinetic energies inside the semiconductor.
Because the masses involved in an exciton (electrons and holes) are much different than
in an atom, some variations are made in calculating the distance away the electron orbits
around the hole, also known as the exciton Bohr radius. Factors to consider include the
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dielectric constant of the material in which the exciton exists, and also the “effective”
mass of the electron and hole.
A method of calculating the exciton Bohr radius utilizes the familiar deBroglie
wavelength to describe the relationship between the mass and wavelength of particles:



h
mv

(2.1)

where m is the mass of the particle, v is the velocity of the particle and h is Planck’s
constant. In defining the behavior of an orbiting particle, the centrifugal force of the
carrier is equated to the Coloumb (attractive) force:
qe2
mv 2

r
4 0 r 2

(2.2)

where r is the radius of the orbit, q e is the charge of an electron and  0 is the permittivity
of free space [19]. The restriction that an integer number of wavelengths must exist in
the circumference of the Bohr orbit, 2r  n , is applied in the deBroglie relation and
substituted into Eq 2.2. Solving for the radius, r, and modifying the expression with the
dielectric constant of the material along with the reduced effective mass of the carriers
yields the exciton Bohr radius, a x :
ax 

4 0  2 n 2
 * qe2

(2.3)
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where  is the material dielectric constant, n is a positive integer and n = 1 provides the
general Bohr radius at the lowest orbit. The reduced effective mass of the exciton is
defined as
1



*



1
1
 *
*
me m h

(2.4)

where me* is the effective mass of the electron and mh* is the effective mass of the hole.
Eq 2.3 demonstrates that the exciton Bohr radius is inversely proportional to the reduced
effective mass of the exciton, meaning that the distance between the carriers is large
when their effective masses are small. Exciton Bohr radii can range between 1 to 10 nm
for most semiconductor materials [20].
To obtain the total exciton energy relative to the ionization limit, the difference is
found between its kinetic energy and its Couloumb potential energy:
Etot 

qe2
1 2
mv 
2
4 0 a x

(2.5)

Substituting the exciton Bohr radius from Eq 2.3 and the expression for mv 2 defined in
Eq 2.2, the total energy of a bound exciton can be shown to be quantized in
1   * qe4
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(2.6)

where R is the Rydberg constant and me is the rest mass of an electron. To determine
the binding energy of the exciton, the energy difference must be calculated between the
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electron-hole pair in a given orbit, such as n = 1, and at an infinite separation n = ∞.
Substituting these conditions into (2.6) yields:

 *
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 2  2   R 2
 n n1 
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or, in general,
Ebind 

 * qe4
2
24 0   2
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 2
n 

(2.7)

It can be seen through this expression that the binding energy of the exciton is directly
proportional to the reduced effective mass of the exciton. Also, in materials with a
small dielectric constant, the Coulomb interaction between an electron and a hole may be
strong and the excitons thus tend to be small, of the same order as the size of the unit cell
[21]. In semiconductors, the dielectric constant is generally large, around 5 to 12, and
consequently, electric field screening tends to reduce the Coulomb interaction between
electrons and holes. The result is a Wannier-Mott exciton, which has a radius larger than
the lattice spacing and is the most common exciton in semiconductor materials. Because
the exciton Bohr radius differs between materials, the size of the exciton provides a
natural, intrinsic measure of linear dimension at which size effects of the semiconductor
will create a qualitatively different situation. The recombination of the electron and hole,
i.e. the decay of the exciton, is limited due to the overlap of the electron and hole wave
functions, resulting in an extended lifetime for the exciton.
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2.2

Low-dimensional structures and the quantum confinement effect
As the size of the semiconductor is reduced toward the order of the exciton Bohr

radius, the exciton created can be considered similar to the particle-in-a-box model. This
provides a model of the modification of allowed energy states from a continuous band in
an unconfined (bulk) structure to a specific set of completely quantized energy states.
The shift between these energy states arises from solving for the eigenenergies of the
Schrödinger equation with boundary conditions equivalent to confining a material in one,
two or three dimensions. For example, the time-independent Schrödinger equation can
be used to solve for the stationary states and associated eigenenergies for a particle-in-abox, where behavior of the particle, considered in this example for one dimension, is
given by

 2 d 2  ( x)
 V ( x)( x)  E ( x)
2m dx 2

(2.8)

where V is the potential energy (V(x)) and Ψ is the wavefunction of the particle, both
functions of the particle position. When considering a confined particle bounded by
infinitely high potential barriers in the region 0 < x < L, the potential within which the
particle moves is represented by
V ( x)  0


0 xL
x  L; x  0

.

As such, the wavefunction of the particle outside of the box, i.e. in the regions of infinite
potential, is found to be zero (Ψ(x ≤ 0) = 0, Ψ(x ≥ L) = 0), leading to a probability density
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for existence of the particle in these regions of zero. Within the box, i.e. where V(x) = 0,
Eq. 2.8 can be rearranged to become:

d 2  ( x)
 k 2  ( x)  0
dx 2

(2.9)

where k contains the constants as well as the energy, E, in the form of

k

2mE
.
2

(2.10)

The general solution to (2.9) is
( x)  A sin(kx)  B cos(kx) .

(2.11)

By insuring wavefunction continuity at x = 0 and x = L produces the value of B = 0 and
the non-trivial solution kL = nπ, respectively. Using these solutions, it can be found that
the permitted energies at which this particle can exist are discrete and defined by

En 

n2h2
8mL2

(2.12)

where L is the length of the box, m is the mass of the particle and n is a positive, whole
number.
The same process may be used to examine the energy behavior of spherical
quantum dots where the Schrödinger equation, in this case, must be solved in three
dimensions, with a boundary condition dictating the wavefunction vanishes at the radius
of the dot (Ψ( a 0 ) = 0), again due to the infinite potential outside of the sphere, and also
consideration of the effective masses of the electron and hole. In the simplest form, the
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three-dimensional Schrödinger equation may be written as follows for an electron and
hole in a spherical quantum dot:

 2
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where  2 , the Laplacian, is defined as
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Eq 2.10 is written in terms of spherical coordinates for the electron and hole separately,
consistent with the inherent symmetry of the system. It is possible to solve this equation
by separating variables based on center-of-mass and relative coordinates. Two SWE’s
can be produced, one defining the motion of the exciton as a unit (based on center-ofmass coordinates (R, Θ, Φ) and one that contains information concerning the internal
motion of the electron-hole pair (r, θ, ϕ).
Under the condition that the dot radius is much larger than the exciton Bohr
radius, a0  a x , an approximate solution can be obtained by assuming that the electron
and hole remain correlated by their Coloumb attractive force and the boundary condition
is acting only on the translational motion of the exciton (i.e. the center-of-mass motion
condition mentioned above).

Solving the center-of-mass motion SWE under the

spherical symmetry conditions dictated in this case, includes the roots of the spherical
Bessel function, indicative of the spherical symmetry of the problem. This function is
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denoted by αnl. The quantized change in binding energy from that of the exciton in the
bulk solid, ΔEnl, is therefore found to be:
Ebind,nl 

 2 nl2
2M * a02

(2.14)

for weakly confined structures where M* is the effective (translational) mass of the
exciton [ M *  me*  mh* ]. Based on various measurements of decreasing particle size
correlated with a blue-shift in the absorption edge, this approximation is applicable in the
range 10a x  a0  3a x [18,22,23].
When the quantum dot radius approaches the exciton Bohr radius, the center-ofmass approximation breaks down and the effect of confinement on the individual electron
and hole motion must be considered. In studying the effect of confinement on the
behavior of excitons, Efros and Efros [24] first suggested a regime in which the Coloumb
attraction energy becomes negligible when compared to the individual electron and hole
(confinement induced) kinetic energies as the dot radius is decreased toward comparable
or smaller dimensions than the exciton Bohr radius. In this case, the electron and hole
motions are fully decoupled and the resulting single particle confinement energies for the
electron and hole contribute to a total energy shift in the lowest energy optical transition
of:
E nl 

 2 a nl2
.
2 * a02

(2.15)
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where  is the reduced Planck’s constant,  nl is the spherical Bessel function,  * is the
reduced mass and a0 is the radius of the particle. It is noted here that contribution of the
reduced mass implies combined effects of the electron and the hole energy shifts to
produce an overall shift in the lowest transition energy (i.e. from the hole to the electron
state for n = 0). Again, measurements have shown that this approximation is valid for
quantum dots with radii smaller than the exciton Bohr radius [18]. Brus [25] used these
concepts of three-dimensional confinement relative to the Coloumb force between
electrons and holes in order to develop a modified effective mass approximation (EMA)
that relates semiconductor particle size to the band gap energy of the respective quantum
dot using the zone-center curvature values of bulk band structures:

 h2
 1.8qe2
4 2 qe2 me 

E g ,QR (a0 )  E g ,bulk  


0
.
248

2 * 
2
24 0  h 2
 8me a0   4 0 a0

(2.16)

where E g ,bulk is the band gap energy of the bulk semiconductor and a 0 is the radius of the
dot. The second term on the right-hand side contains the kinetic energy of the exciton
related to confinement and shifts E g ,QR to higher energies with respect to a 02 . The third
term is the screened Coloumb interaction between the electron and hole mediated by the
solid, shifting E g ,QR to lower energies proportionally to a 01 , and the last sizeindependent term is due to spatial correlation effects. Assumptions made in the use of
this equation is that the quantum dots are spherical and that the effective masses of
charge carriers and the dielectric constant of the solid are constant as a function of size.
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Implicit in (2.16) is that the band gap of the quantum dot is inversely related to
the size squared, which is consistent with the quantized energy results gained from the
particle-in-a-box model. This theoretical development also quantified the origin of shifts
to higher energy in optical absorption measurements with decreasing nanocrystal size,
also called a blue-shift. The overall change of energy states between the bulk, a threedimensionally confined nanocrystal and the atomic limit can be seen graphically in
Figure 2.1 [26].

Figure 2.1 Density of states for bulk semiconductor, semiconductor nanocrystal and
the atomic limit [26].
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2.2.1 Deviations from Brus’s model of the effective mass approximation
2.2.1.1 Consideration of carrier masses
Although Brus’s analysis is quite accurate for relatively large crystals, it has
shown to overestimate the quantum dot band gap value when crystals approach a smallsize limit, usually on the order of 1 or 3 nm. This is due to the assumptions which are
made during calculations In the EMA, values of the effective electron and hole masses
inherently evolve from the bulk band structure of the material (i.e. inversely proportional
to the curvature of E vs k). However, when considering very small crystal sizes, the
motion of electrons and holes becomes qualitatively different than in the case of the
corresponding bulk material. Thus, the concept of effective masses of charge carriers
which account for the interaction of electrons and holes with the bulk crystal lattice
breaks down when the motion is strongly confined. The EMA considers the energy
surfaces of the parabolic form  2 k 2 /( 2m* ) , and although such an approximation is valid
near k = 0, it does not apply in the entire k-space. Rama Krisha and Friesner as well as
others [27–29] pointed out that in Brus’s model the effective carrier masses are assumed
to be independent of the wave vector, when in reality most band structures usually
deviate from the free-electron parabolic form for large k and instead present a degree of
non-parabolicity in the band structure. Also, because the periodic potential of the crystal
determines the effective masses, if the lattice structure in small crystals is different from
that in the bulk, then the effective masses must be also reflect this change. Thus the
empirical pseudopotential method (EPM) was developed to accurately obtain the band
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structures of semiconductor crystals by replacing the exact lattice potential assumed in
the EMA model with an effective potential (i.e. pseudopotential) given certain electron
behavior approximations [27].
The hyperbolic band model was also developed [28] to account for nonparabolicity by assuming hole and electron bands are hyperbolic, but approach the
parabolic behavior at the Γ point of the Brillouin zone. The size-dependent band gap
energy in this model was determined as

E g ,QR (a0 )  E

2
g ,bulk

2 2 E g  2 1

me a02 2 *

(2.17)

2.2.1.2 Size-dependence of Coloumb interactions
Another possible reason for the inadequacy of the Brus model in predicting the
band gap shifts with respect to very small semiconducting nanocrystals is the sizedependence of the Coulomb interaction.

As seen in (2.16), the calculation of the

Coulomb and spatial correlation terms require the use of the semiconductor dielectric
constant which is usually taken as the bulk value. There are, however, strong indications
in the literature [28,30] that dielectric screening should become significantly reduced for
small-sized nanocrystals, where this decrease is attributed to the inability of the lattice
polarization to follow the more rapid electron and hole motions associated with a smaller
crystal radius.
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2.2.1.3 Finite well effects
In most applications, however, the interaction of carriers in a semiconductor
particle embedded within a matrix does not fully simulate an infinite potential well.
Instead, the confinement potential can be considered finite, such that
V ( x)  0
V

0 xL
x  L; x  0

with a value defined by

Ve  Vh  E g( m)  E g( s )

(2.18)

where E g(s) and E g(m ) is the band gap of the semiconductor and matrix material of a higher
value, respectively, while the barrier height of the confining potential for the electrons

 and holes
 are Ve and Vh , respectively. The graphic representation of this relationship is
shown in Figure 2.2, where the depth of the potential depends on the selections of matrix

 [31].
material
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Figure 2.2 Band gap relationship to potentials (Ve and Vh) for a semiconductor
material in a matrix [31].

Thus, there are essentially three parts to this problem depending on the location of
the particle between 0 and L:

 2 d 2  ( x)
 ( E  V ) ( x)  0
2m dx 2
 d  ( x)
 E( x)  0
2m dx 2
2

2

(2.19)

0 xL

 d  ( x)
 ( E  V ) ( x)  0
2m dx 2
2

x0

2

(2.20)

xL
(2.21)

For most cases of carriers confined in semiconductors embedded within a high band gap
matrix, E < V. Referring back to (2.10) and setting the value of α as:



2m(V  E )

,

will produce a solution for the first equation as

(2.22)

39

( x)  Ae x  Be x .

(2.23)

For x < 0, the boundary condition of ( x)  0 as x   applies which makes A = 0
and

( x)  Be x

x0

(2.24)

Similarly, a solution for (2.21), where x  L , can be provided as

( x)  Ce x  Dex

(2.25)

and the boundary conditions of ( x)  0 as x  causes D = 0 and

( x)  Ce x x  L

(2.26)

Finally, the solution in the region 0 < x < L from (2.20), will be an oscillating function of
( x)  P cos(kx)  Q sin(kx) 0  x  L .

(2.27)

Thus, according to these solutions, there is a non-zero probability of finding the
particle outside the perimeter of the well. This probability is governed by an exponential
decay and affected by the magnitude of potential V (Figure 2.3). Additionally, by solving
for the unknown constants, B, P, Q and C and finding the allowed values of k it can be
determined that the allowed values of energy for the particle are finite in number, in
contrast to the infinite potential well.
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Figure 2.3 Schematic of the infinite potential well (left) compared to the
wavefunction behavior of a particle in a finite potential well (right).

This finite potential was considered by Brus [25,32,33], however an intuitive
model for the change in band gap with respect to quantum dot size which accounts for the
finite potential was formed by Nosaka [34]:
E g ,QD (a0 )  E g ,bulk  Ek ,e (a0 )  Ek ,h (a0 )  E p,eh (a0 )

(2.28)

where E k ,e and E k ,h are the size-dependent kinetic energies of the electron and hole
excited states, respectively, while E p ,eh is the size-dependent Coulomb interaction
energy term. E k ,e and E k ,h can be calculated using the following formula derived by
Nosaka [34]:

E k ,e ( h )
V0

a

V m
0

b
*
e( h)

/ m0  a0  c
1/ 2



2

(2.29)
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where V0 is the finite depth of the potential energy and the parameters a, b and c depend
on the charge carriers’ effective masses and may be taken from the plots giving the
dependencies of these on the ratio me*( h ) / m0 in Nosaka’s paper.
E p ,eh is, in principle, given by a relation of the form:

E p ,e  h

C1 qe2

4 0 a0

(2.30)

where C1 is a constant with a value usually close to 1.8 (e.g. 1.786 as determined by
Schmidt and Weller [35] and Kayanuma [36]). Eq (2.30) is exactly equal to the Coulomb
energy term given by the Brus EMA when C1 is set to 1.8.
An application of this finite potential well, as well as the band gap variation as a
function of size, can be seen in Figure 2.4 where Ge quantum dots are embedded in a
relatively high band gap material [37]. Tunneling of electrons can occur when the matrix
material between nanocrystals is thin such that it can be transferred from one nanocrystal
to another.
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Figure 2.4 Band diagram of varying-sized Ge nanocrystals relative to the bulk band
gap [37].

Semiconductors can also exhibit varying properties by confining charge carriers
in one or two spatial dimensions. These regimes are called quantum wells and quantum
wires, respectively, shown in Figure 2.5 along with the density of states within these
structures determined by, again, solving the Schrödinger equation but also considering
that additional states exist along the unconfined axes [38].
Taking note that the band gap energies of semiconductors are sensitive to
quantum confinement, some more than others depending on their exciton Bohr radius,
allows a fundamentally different form of increased light harvesting efficiency. This can
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be incorporated into common photovoltaic devices as a sensitizing entity and also as a
method of low-cost integration into commercial manufacturing.

Figure 2.5 Density of states for the bulk, 2-, 1- and 0-dimensional materials [38].

2.3

The p-n homojunction
An introduction to the p-n homojunction is useful in providing a basic functional

outline of single junction photovoltaic devices as well as an understanding of its setbacks
that nanostructured materials have the potential of addressing. Even with several years of
intense solar cell research and developments in new photovoltaic technologies, the silicon
p-n homojunction still remains the conventional technology in use for terrestrial
applications, due to its simplicity and availability. The p-n homojunction describes the
interface between two semiconducting materials where one side of the material is p-type
and the other n-type. These materials are labeled as p-type and n-type based on the
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presence of dopant materials used to enhance the electrical properties of intrinsic
semiconductors. Without the use of dopants, the conductivity of intrinsic semiconductors
is governed by the carriers produced from inherent crystal defects and thermal excitation
(i.e. at temperatures above absolute zero).

Improving these conductivity values at

thermal equilibrium can be accomplished by increasing electron or hole carrier
concentrations through the careful addition of specific substitutional impurities into the
semiconductor lattice. For instance, Group V phosphorous or arsenic atoms can be used
to dope Si to produce higher electron concentrations. This form of doped Si is known as
n-type Si where the phosphorous or arsenic effectively “donate” extra negatively-charged
electron carriers to the conduction band. In contrast, p-type Si utilizes Group III boron or
aluminum to “accept” electrons from the filled valence levels of the intrinsic
semiconductor to produce excess positively-charged holes. In either case the dopant
concentration is significant enough to effectively provide energy states which lie close to
the conduction band (n-type) or the valence band (p-type) which can be excited more
easily at thermal equilibrium than the intrinsic material, thereby creating majority carriers
of electrons or holes, respectively.
In considering the appearance of dopant energy states, the Fermi level, or the
energy at which the probability of occupancy by an electron is 0.5, of intrinsic
semiconductors is essentially in the center of the band gap between the valence and
conduction bands. The Fermi energy is determined from the Fermi-Dirac distribution, a
particular model for the energy distribution of particles which obey the Pauli Exclusion
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Principle (electrons) based on classical Maxwell-Boltzmann statistics.

When the

concentration of electrons or holes increases from extrinsic doping, the Fermi energy,
which is related to the chemical potential of the semiconductor material, shifts toward the
conduction or valence band, respectively, to account for the change in occupancy
probability. Figure 2.6 shows an energy band diagram of the individual materials with
their respective Fermi levels as well as the donor and acceptor defect energy levels.

Figure 2.6 Energy band diagram of p- and n-type semiconductors.

When a homojunction is created, the negatively-charged electrons from the n-side
diffuse toward the p-side, while the holes diffuse from the p to n-side. Free electrons
combine with holes in the region around the junction to form negative ions, and while
doing so leave behind positive ions at the donor impurity sites, creating what is known as
the “depletion layer”, an area with limited charge carriers, as depicted in Figure 2.7.
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Figure 2.7 Formation of the depletion layer with p- and n-type semiconductor
contact.

The depth at which this diffusion continues to occur is then counteracted by the
creation of an electric field due to the build-up of charges from ionized donors and
acceptors. Since there must be charge neutrality across the junction when this p-n
junction is present at equilibrium, band bending occurs such that the chemical potentials
are equal, independent of relative valence or conduction band positions. Figure 2.8
illustrates the shifting of energy levels to satisfy this condition, which creates a built-in
potential, also known as the junction potential, φi.
Once created, the p-n junction can then be used as a method of converting light
energy into electrical energy. Any carriers excited by photons within the depletion layer
will be driven across the junction in the presence of an electric field, with the direction
dependent on the type of carrier, to an outer circuit where they can be collected.
Although the p-n homojunction’s principle of function is relatively basic, therein also
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contains its limitations. The presence of a single band gap inherently limits the range of
wavelengths the device can absorb, as described previously by the Shockley-Queisser
limit.

As such, the loss mechanisms due to limited absorption depth, excess

thermalization losses and carrier recombination can be addressed by insertion of
semiconductor nanocrystals at the junction.

The unique size-dependent optical and

electronic properties of the quantum dots can provide additional sensitization of sunlight
absorption to a single junction device.

Figure 2.8 Distribution of carriers and formation of band bending by equalization
of Fermi energies.

2.4

Physical vapor deposition and thin film formation
The fabrication method of quantum dots utilized in the present work focuses on

physical vapor deposition, specifically radio frequency (RF) magnetron sputtering. This
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technique depends purely on physical processes which are related to the condensation of
a vaporized form of the material onto a substrate. This vapor is produced by momentum
exchange between energetic particles and surface atoms of a target material.

The

energetic particles originate from a partially ionized gas produced between a cathode and
an anode at pressures well below atmospheric (high vacuum conditions of 0.75 mTorr to
7.5 × 10-9 Torr), called a plasma or glow discharge. There are extensive studies and
reviews involving the physics of plasma formation [39–42] as well as various geometric
configurations used to initiate and sustain the plasma [42].
The addition of a strong magnetic field to the plasma serves to confine the motion
of charged particles thus increasing the net density of ions and electrons in the plasma by
effectively trapping electrons near the cathode. The radio-frequency operation allows the
development of a DC bias potential at the cathode (sputtering target) surface, promoting
ion (typically Ar+) acceleration into the surface and the evolution of material flux from
the target that subsequently impinges on the substrate surface. RF sputtering is used to
deposit insulating materials, in contrast to DC sputtering, which focuses on the deposition
of metals (conductive materials).

A basic schematic of an RF-magnetron sputter

deposition system is shown in Figure 2.9 [43].
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Figure 2.9 Schematic of an RF-magnetron sputter deposition chamber and main
components: 1-substrate holder, 2-substrates, 3-target material, 4-permanent
magnets, 5-water cooling, 6-shield, 7-insulator, 8-RF cable, 9-gas inlet, 10-pumping
system. [43]

2.4.1 Mechanisms of film nucleation and growth
During deposition several atomistic processes occur which are responsible for adsorption
and crystal growth on surfaces, depicted in Figure 2.10 [44]. Ultimately, thin film
production is governed by nucleation and growth stages which are affected by these
individual processes.
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Figure 2.10 Atomistic processes responsible for thin film nucleation and growth
during deposition.

For vapor deposition from an ideal gas at pressure p, the rate of atom arrival is
given by:
R

p
( 2mk B T )1 / 2

(2.31)

where m is the molecular weight, k B is Boltzmann’s constant and T is the source
temperature. Single atoms condense on the substrate and may then diffuse over the
surface until they are subjected to one of several processes. These processes include reevaporation into the vapor, nucleation of clusters, capture by existing clusters, dissolution
into the substrate and capture at special (defect) sites such as steps or cracks. Thermally
activated processes, such as re-evaporation and diffusion, are dictated by activation
energies and frequency factors, thus the rate of the re-evaporation process follows the
Arrhenius relation
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H 

Re  v exp
k
T
 B 

(2.32)

where H is the sublimation energy or binding energy per atom of the bulk target material
and v  is a rate constant. For most purposes, H and v  may be treated as constant,
although they actually vary slowly with temperature with abrupt changes at the melting
point. Similarly, the rate of adsorption on the substrate can be written as

  Ea
Ra  v0 exp
 k BT





(2.33)

where E a is the adsorption energy per atom and v0 is a constant typically on the order of
10-13 s at room temperature, which is equal to the reciprocal of a typical phonon
frequency at room temperature. Consequently, the average adsorbed atom lifetime,  a ,
before re-evaporation can be given by

 E 
1
 a  exp  a .
v0
kB T 


(2.34)

Additionally, it is convenient to introduce the concept of a condensation energy, Ec , for a


given rate of deposition, R, defined by
  Ec
R  v exp
 k BT


v
 or Ec  k BT ln   .
R


(2.35)

Ec is uniquely defined for the condensate material by its thermodynamic properties
which determine v  . Thus, comparison of Ec with E a and H can provide condensation
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conditions for the material of interest on various substrates [45]. Condensate materials
that differ from the substrate material, which is the case considered in the following
studies, generally follow two variations of condensation conditions.
In the case of very strong adsorption, the adsorption energy value relative to the
1
binding energy is characterized by E a  H , meaning that the rate of adsorption is
2

higher than the rate of re-evaporation. If E c  H as well, this would normally imply that

no condensation could occur, however if an atom forms a bond with the substrate, it will


have a sublimation energy greater
than H (since we’ve previously identified that
1
Ea  H
2 ) and thus it is possible for the arriving atoms to form a monolayer on the

surface which will be stable so long as the condensation energy is not greater than 2Ea.


If E c  H , initial monolayers can once again form and follow one of two growth
mechanisms. Continued deposition in monolayers is referred in the literature as Stranski-


Krastanov growth (Figure 2.11b), while condensation of discrete clusters which grow to
form a complete, multiatomic thickness layer is called Frank-van der Merwe growth
(Figure 2.11c) [44].
1
In the case of different substrate and condensate materials such that E a  H ,
2

which is the most commonly encountered case in thin film deposition where the rate of
 of the atoms. If
adsorption is essentially less than the rate of subsequent re-evaporation
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E c  H there will essentially be no condensation. This is due to the energy required for
condensation being higher than the binding energy per atom of the bulk material.



When E c  H , deposition will always proceed by initial nucleation followed by
growth and coalescence of clusters into continuous films. This is known as the Volmer-

 mechanism, shown in Figure 2.11a, and is the primary film growth mechanism
Weber
considered for the fabrication technique used here.

Figure 2.11 Mechanisms of thin film growth depicted as a function of the number of
monolayers where (a) is the Volmer-Weber method, (b) is the Stranski-Krastanov
method (c) is the Frank-van der Merwe method and Θ is the monolayer surface
coverage.

In the Volmer-Weber case, also called island growth, the concentration of
adsorbed atoms is often very low, due to fast re-evaporation from the weakly binding
substrate and a large positive chemical potential change,  . The number density of the
single atoms on the substrate, n1 , can by defined by
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n1  R a

(2.36)

For nucleation processes on defect-free substrates, the rate-limiting step is

 clusters that can grow further. Because of their small
normally the formation of small
size, these clusters have a large surface-to-volume ratio and hence positive free energy.
The free energy as a function of the number of atoms in a cluster, G( j) , is shown to be
related to the change in chemical potential by
G( j)   j  j 2 / 3 X



(2.37)

where X is the surface free energy term which encompasses geometrical constants, the
 contains, as well as the surface energy of each cluster It can be
number of faces a cluster

noted that the free energy is influenced by the volume free energy (i.e. the chemical
potential of the solid material) and the surface energy term. These relationships are
similar to homogenous nucleation within in a solution but modified for nucleation on a
surface. The size of the cluster for which the free energy, G( j) , reaches a maximum is
referred to as the ‘critical’ cluster size, i. Obtaining this through differentiation, the

 size are given by
critical size and free energy barrier at this particular
 2X 3
i  

3 

4X3
G(i) 
27 2

(2.38)

Eq (2.38) provides an expression for the degree of cluster instability associated with the

 energy is reduced by growth for clusters larger than i

change in free energy,
where free
while free energy is reduced through shrinking for clusters smaller than i. In most
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situations of deposition on surfaces  is very high such that i is very small, in some
cases only a few atoms [46].
 may be far from perfect, containing a distribution of
Because real surfaces

dislocations, point defects and ledges, these imperfections can influence the binding of
single atoms as well as small clusters to the substrate. Such binding changes can strongly
influence adsorption, diffusion and nucleation behavior. This is particularly evident
when the existence of ‘special sites’ (as seen in Figure 2.10) will reduce the surface
energy term in (2.38), effectively reducing the critical cluster size and by-passing the
nucleation barrier [47].
Re-arrangement processes are common in clusters that have initially formed, at
either defect sites or on the perfect surface, but are not necessarily in their most stable
form. This can include mixing of species (alloying), shape changes caused by surface
diffusion, and/or coalescence. Diffusion processes thus occur at several stages of thin
film formation: the motion of single atoms in forming small clusters, the mobility of
these clusters themselves and the re-arrangement of larger clusters after coalescence.
This re-arrangement process dominates once nucleation and growth occurs to form the
continuous film from which further deposition will increase overall thickness.
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2.5

Semiconductor quantum dots in various embedding matrices
2.5.1 Cadmiun telluride
A variety of semiconductor materials have been used to study the quantum

confinement effects on the band gap including CdTe, Si, as well as Ge, and a number of
processing methods exist from which quantum dots can be fabricated. Solution-based
processes have often been used as a low-cost method to fabricate monodispersed
quantum dots in a very controlled manner. CdTe is commonly used in thin film second
generation PVs due to its optimal band gap value matching to the photon distribution in
the solar spectrum (Eg,CdTe = 1.5 eV) [48], relatively large exciton Bohr radius (ax = 7.3
nm) [49] as well as the change of conductivity type by varying the Cd-Te stoichiometry
[50]. Thus, there are many studies on CdTe application for third generation PV involving
solution processing, such as Mullenborn et al. [51] and Rajh et al. [52], where they were
among the first to demonstrate controlled synthesis of CdTe colloids with enhanced
optical absorption properties. Gur et al. [53] exploited the advantageous processing
properties of semiconductor CdTe nanoparticles by employing additional chemical and
thermal treatment steps, with several others utilizing similar methods [14,15,54–59].
In order to support extended photostability of CdTe in the solid state and prevent
commonly observed colloid coagulation from solution processes, further efforts were
made to suspend nanocrystals in silica or various glass matrices, most readily produced
by RF magnetron sputtering. Fundamental issues of interest have centered about the
many processes that are enhanced by the action of the glass matrix in spatially limiting
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the carrier wavefunctions in the semiconductors. These include the shift in bandgap
energy caused by free carrier confinement [24] and the formation of distinct exciton
states at room temperature [22]. The latter has enabled studies of exciton processes,
including biexciton formation and the bleaching of exciton absorption processes [60].
The majority of sputtering methods include either a sequential layer-by-layer formation
[61–66] or deposition from a composite target [67–70]. Sharma et al. [71] and Rastogi et
al. [72,73] characterized CdTe within titanium dioxide (TiO2) to further analyze electrical
effects of quantum confinement due to electrical resistivity variance of TiO2 based on
oxygen concentration during sputtering [73].
With regard to nanostructured CdTe in PV, many efforts have been made toward
the use of CdTe in what are known as quantum dot-sensitized solar cells (QDSSC) [74–
80]. These involve the use of nanostructured films of a wide-bandgap material, usually
zinc oxide (ZnO) or titania (TiO2), sensitized with CdTe QDs. The concepts of operation
and are analogous to the dye-sensitized solar cell, or Grätzel cell [81], wherein light
generates electron−hole pairs in the quantum dot, the electron is injected into the
nanostructured wide band gap semiconductor employed as an electron conductor, and it
is transported in this medium to a transparent conductive oxide (TCO) used as a
collecting substrate and light window. The semiconductor is regenerated by reducing
species in the electrolyte that acts as a hole-transporter medium, and the hole is
transported to the counter electrode, where the oxidized counterpart of a redox system is
reduced.
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2.5.2 Silicon
Si nanocrystals have also has been the focus of similar investigations, driven by
its natural abundance, low toxicity compared to other compound semiconductors, and the
existence of a large silicon technology nanostructure. Solution processing has been
investigated in high temperature supercritical solutions [82,83], inverse micelles [84,85]
and oxidation of metal silicide [86], while extended use of gas-phase processes include
pyrolysis of silane in furnace reactors [87], decomposition of silane or disilane through
laser irradiation [88,89], and decomposition of silane in a non-thermal plasma [90,91].
Reactions performed in the liquid-phase are limited by relatively slow and inefficient
processing times while those in the gas-phase are expensive and hazardous due to the use
of silane precursor, and may inhibit large-scale operations.
Several avenues of plasma processing have provided fast, chemically safe and
scalable alternatives to Si nanocrystal fabrication, such as those from plasma deposition
at room temperature [92,93].

More recently, Si has been intensely studied for its

application to hot carrier cells [94–97] and all-Si tandem cells [98–105], with a common
solid-state preparation method being the co-sputtering of Si-rich SiOx and stoichiometric
SiO2 with further annealing at 900 to 1100 °C to effectively precipitate Si from a
supersaturated environment of the SiOx film following the reaction SiOx →Si + SiO2
[6,94,95,98,101,102,106]. The effect of Si confined within SiO2 is well-controlled in this
technique, however, efficient carrier extraction from the quantum dot through the
insulating SiO2 barrier is difficult unless this dielectric barrier is sufficiently thin.
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Because of this, many efforts have been made to dope Si nanocrystals with boron or
phosphorous to increase carrier concentration and, hence, conductivity.

2.5.3 Germanium
Ge is of particular interest due to its large exciton Bohr radius of 24.3 nm [107]
compared to that of Si (4.9 nm) [108] or CdTe (7.3 nm), which provides increased band
gap sensitivity to quantum confinement. It is also the primary focus of the present work.
Ge also exhibits a lower crystal growth temperature than Si due to its lower melting
temperatures (938 C versus 1414 C for Si) [109] which indicates the use of lower
annealing temperatures to produce nanocrystals. Similarly to Si, quantum confinement
effects of Ge has been studied extensively in SiO2 matrices [109–123] by means of cosputtering followed by thermal anneal [37,109–113,116,117,119–121], ion implantation
[118,124–126] as well as chemical vapor deposition [127,128].

Although these

fabrication methods differ, the films fabricated share nearly the same structure of Ge
nanocrystals dispersed in a single or multiple SiO2 films.
Some methods, such as ion implantation and chemical vapor deposition, are able
to attain a high degree of size and size distribution control to accurately control quantum
size effects. Alternating layers of Ge and SiO2 were fabricated by dual source RF
magnetron sputtering by Bukowski et al. [129] and further annealed at between 600 and
800 C to increase the average Ge crystal size. It was found that the absorption of the
films shifted to higher energies based on a decrease of the average Ge crystal size, shown
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in Figure 2.12 [129]. Recent studies by Cosentino et al. [123] and Uhrenfeldt et al. [121]
more closely studied the origins of nanostructure-dependent shifts observed in Gecontaining SiO2 systems, where Cosentino et al. proposed surface state effects evidencing
an Ostwald ripening mechanism with a concomitant amorphous-crystalline transition.
Quantum confinement was not observed, in this case, due to the observation of a constant
optical band gap independent of Ge quantum dot size. Uhrenfeldt et al. modeled a
similar system and observed a decrease in Ge nanocrystal absorption efficiency,
compared to bulk Ge, which was analyzed in terms of Mie and Maxwell-Garnet theories
for scattering in spherical nanocrystals. Chatterjee et al. [130–132] and Goyal et al.
[133,134] sought to sensitize the photo-active semiconductor TiO2 to visible wavelengths
of the solar spectrum by sputtering composite targets of TiO2 and Ge and producing Ge
quantum dots by the use of a heated substrate or annealing.
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Figure 2.12 Absorbance spectra for pure Ge film and Ge quantum dots in silica for
film based on 5% volume fraction of semiconductor [129].

2.5.4 Transparent conductive oxides
In order to utilize the potentially useful properties of Ge quantum dots within
photovoltaic applications, a solid-state, inorganic transparent conducting embedding
material addresses several key elements required for a durable, high-efficiency PV
device: (1) enhanced environmental stability, (2) photon transparency and (3) free carrier
transport. Additionally, fabricating such devices within a scalable and commercially
viable method, such as large-scale sputtering, provide the basis for smooth
implementation of this technology. There are limited examples of nanophase Ge studied
within these TCO materials produced by sputtering, such as tin-doped indium oxide
(indium tin oxide, or ITO), a very commonly used material for coatings on commercial
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electronic displays, or zinc oxide [135–140] where the majority of work is focused on
doping ZnO to provide a desired amount of increased conductivity [135–137,140].
The simultaneous occurrence of high optical transparency (more than 80%) in the
visible region and high electrical conductivity (about 103 Ω-1 cm-1 or more) is not
possible in an intrinsic stoichiometric material, although partial transparency and fairly
good conductivity may be obtained in thin films of a variety of metals. The only way to
obtain good transparent conductors is to create electron degeneracy in a wide band gap
(greater than 3 eV) oxide by controllably introducing non-stoichiometry and/or
appropriate dopants. These conditions have found to be optimally obtained in oxides of
cadmium, tin, indium, zinc and their alloys in thin film form. Some frequently studied
TCOs include tin oxide (TO) doped with antimony (ATO) or fluorine (FTO), tin-doped
indium oxide (ITO), and zinc oxide doped with indium (IZO) or cadmium stannate
(CTO).

Since the optical properties and electrical transport in these films depend

strongly on their microstructure and stoichiometry as well as the nature of the impurities
present, the deposition technique used with each material yields films of different
properties.

Based on these considerations, a plot representing how various TCOs

compare in terms of percent transmission, %T, and sheet resistance, Rs, is provided in
Figure 3.1 [141], along with the respective methods of film deposition. It can be seen
that using sputter deposition creates ITO with one of the highest values of transmission
and the lowest values of sheet resistance. ITO is the most widely used and successfully
implemented TCO due to its fine etching properties, high transparency in the visible
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region of the spectrum, strong reflectance in the infrared region and high radiation
resistance.

Figure 2.13 Transmittance and sheet resistance for various transparent conducting
oxides, with deposition method identified in parentheses.[141]

2.5.4.1 Indium tin oxide
In its undoped state, indium oxide films are polycrystalline and retain a cubic
bixbyite structure in which O2- ions occupy, in an ordered manner, three-fourths of the
tetrahedral interstices of a face-centered-cubic In3+-ion array [142]. It is a semiconductor
with a direct band gap of about 3.6 eV and an indirect band gap of about 2.6 eV [143]
with a lattice constant of 10.1 Å [144]. As prepared, indium oxide generally lacks
stoichiometry due to oxygen-array vacancies, VO [145]. At high VO concentration, a VO
impurity band forms and overlaps the bottom of the conduction band, producing a
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degenerate semiconductor. The oxygen vacancies act as doubly ionized donors and
contribute at a maximum two electrons to the electrical conductivity, as shown in the
following equation [146]:

1
OOX VO 2e  O2(g).
2
Essentially, the material composition can be represented as In2O3-x.

In addition to

providing conduction electrons, the oxygen vacancies also allow for O2- ion mobility.
Therefore, In2O3-x should be a mixed conductor, having both electronic and O2- ion
conduction, although the latter is negligible when compared to the electronic conduction.
The electron carrier can be generated by doping it with elements of the valence electron
equal to or higher than four. Much work has been done on the extrinsic doping of tin
(SnO2) in indium oxide since tin acts as a cationic dopant in the In2O3 lattice and
substitutes the indium fairly easily. In In2O3, since indium has a valence of three, the tin
doping results in n-type doping of the lattice by providing an electron to the conduction
band. Therefore, the overall charge neutrality is preserved. Insertion of tin dopants into
In2O3 increases the lattice parameter up to 10.31 Å and provides carrier mobilities in the
range of 15 to 40 cm2 V-1 s-1.
It has been found that there is an optimal concentration of tin oxide that provides
the highest free electron density which is consistently used with a variety of thin film
formation methods. Figure 2.14 [143] shows graphically a maximum free carrier density
of about 1.3 × 1021 cm-3 at 10 wt % of SnO2, where dots are experimental points from the
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work of Köstlin et al. [143], (a) is the linear representation of direct one-for-one
substitution of Sn dopant atoms for In in the lattice, and the solid line (c) represents the
relationship between the total number of Sn atoms per cm3 in In2O3, NMe, and c the
concentration of Sn relative to all metal atoms when there are 8 nearest neighbors: NMe (1
– c)8. This assumption of 8 nearest neighbors as well as subsequent correlation of
experimental values to this expression allow for an explanation of why the carrier density
saturates at 10 wt % and further decreases with increased Sn concentration past this point.
This can be qualitatively understood if one assumes that while a Sn anion surrounded
only by In2O3 can act as a donor, a Sn anion with another Sn anion as one of its nearest
neighbors can compensate their donor action. Köstlin et al. determined that the most
probable form of donor compensation occurs wherein this pair of Sn attracts an additional
oxygen ion so strongly that it cannot be extracted during a reducing treatment, basically
producing a neutral complex which consists of Sn4+ and additional oxygen ions.
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Figure 2.14 Dependence of the free -electron density, N, on the Sn concentration, c.
[143]

Another important issue impacting TCO performance optimization is related to
this free carrier density. Although the addition of extrinsic dopants in TCOs can greatly
enhance the electrical conductivity, the increase in carriers can affect the transparency of
the film by a phenomenon known as the plasma resonance. This characteristic resonance
is determined proportionally by the number of free carriers present and is essentially a
shielding of the material by oscillations of electrons at a plasma frequency. This can
typically be observed as an absorption increase between visible and NIR wavelength
ranges, reducing overall film transparency, or a decrease in carrier mobility due to an
increase in ionized impurity scattering. In this sense, a trade-off occurs with optimization
of TCOs where the overall carrier density can be improved dramatically at the cost of
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transmission quality and carrier mobility. These factors must be balanced in order to
produce the desired film properties for use in PV systems.

2.5.4.2 Zinc oxide
In an effort to not only use more readily-available, low-cost and low toxicity
materials for use in PV devices, but also to study interfacial structures between Ge and
the embedding matrix, a change in the TCO material is an easily employed variation
using RF magnetron sputtering and is used in the present study. Bulk ZnO is a wide band
gap semiconductor with a band gap of 3.37 eV, with oxygen vacancy defects similar to
ITO, and is also considered an excellent material in optoelectronic device applications.
Films of ZnO retain the bulk wurtzite structures and are composed of columnar
crystallites with grain sizes in the range of 50 to 300 Å. The use of intrinsic ZnO causes
carrier mobility values to be very high compared to ITO, around 105 to 130 cm2 V-1 s-1
[147] due to very few to scattering centers and also organized grain growth in the c-axis
[002], usually perpendicular to the substrate [141]. This provides excellent properties for
carrier transport when used in conjunction with the excitation of carriers from Ge
quantum dots. ZnO thin films exhibit high transparency ~90% in the visible region of the
spectrum as well. The use of intrinsic ZnO in the following studies offers the advantage
of eliminating the previously discussed plasma resonance seen for ITO in order to isolate
Ge quantum size effects, however it does pose issues regarding higher contact resistance
for electrical property measurements (further discussion on performing these
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measurements is continued in the following chapter).

Along these lines ZnO, like

intrinsic ITO, is well-studied with a variety of dopants for improving electrical properties,
with the most popular being the trivalent aluminum (Al:ZnO or AZO). AZO is becoming
increasingly investigated as a more environmentally-friendly TCO option compared to
using ITO as well as providing higher deposition rates for large-scale production
facilities.

2.6

Theories of operation: characterization techniques
Theories of operation are detailed to provide sufficient context of the

experimental rationale involved in characterizing the nanocomposites.

Useful

information that can be extracted from each method is also included to provide an
extensive study of interdependent nanostructural, optical and electronic properties.

2.6.1 Transmission electron microscopy
A transmission electron microscope (TEM) operates in a manner similar to an
optical microscope, where a series of refractive lenses focuses light to produce
magnification for viewing of small samples. In order to obtain atomic resolution, a
transmission electron microscope accelerates electrons to energies corresponding to much
smaller deBroglie wavelengths than visible light. The imaging resolution from a TEM is
determined by the accelerating voltage of the electrons, where increasing the voltage can
effectively improve the resolution. A subsequent series of electromagnetic lenses are

69

used to produce high magnifications in the range of 500 to 600 kx. Correction of lens
aberrations also provides a source of improving image resolution. A schematic of a TEM
imaging system and aperture locations is shown in Figure 2.15a.

As the beam of

electrons is focused through an ultra-thin polycrystalline or single crystal specimen the
interaction of electrons with local distortions of the crystal lattice due to defects,
dislocations, strain or bending results in diffraction contrast. The dominant contrast
mechanism for high-resolution imaging involves the phase modulation of the incident
electron wave when it is transmitted through the sample, called phase contrast. This is
influenced by a characteristic electrostatic potential field in the material, also called the
crystal potential, wherein it acts as a phase grating filter to the electron waves. Thus, this
type of contrast is sensitive to the atom distribution in the specimen and allows imaging
at atomic resolutions. Due to the inability to directly record the phase of these waves, the
intensity resulting from an interference of the relative phase shifts is what is generally
observed. Currently, resolutions down to about 1 Å are possible.
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Figure 2.15 (a) Diagram of TEM system of filament, lenses and apertures. [148] (b)
Differences in imaging mechanisms between image mode and diffraction mode.
[149]

Imaging in a TEM is performed by projecting the focused beams that occur on the
image plane after interacting with the sample onto a phosphor screen. By changing the
electromagnetic power of the objective lens to instead image the back focal plane of the
system, as well as utilizing an aperture to select the area of interest on the specimen (i.e.
the selected area or intermediate aperture), a diffraction pattern can be produced which
contains useful details regarding the sample (Figure 2.15b). Information which can be
gained from the selected area electron diffraction (SAED) pattern includes crystallinity,
grain coarsening for polycrystalline samples as well as preferred grain orientation.
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Coupling SAED with subsequent images of the area is a valuable technique to provide
complementary information about sample microstructure.

2.6.1.1 Sample preparation
To fabricate appropriate specimens for HRTEM, a method of preparation is used
to produce cross-sectional views of the nanocomposite. Conventional TEM sample
preparation involves mechanical polishing and Ar ion dimpling to produce a very small
area which is electron transparent. Depending on the sample, this process can involve
many crucial steps to preserve the structural integrity of the area of interest. The focused
ion beam (FIB) method is a technique that can target preparation in very specific regions
and produce sufficiently thin HRTEM cross-sectional samples with large areas of
electron transparency.
The ability to obtain high-resolution images relies on proper sample preparation,
specifically that the specimen is thin enough to facilitate sufficient electron transparency
and appropriate contrast in the sample (thicknesses can range from 50 to 150 nm). A
dual-beam FIB, where a scanning electron microscope (SEM) is included with the FIB
for purposes of concurrent tracking of milling progress, is often used for preparation of
TEM samples. A beam of Ga+ ions is used to mill sections into the nanocomposites that
have been deposited on Si. Using samples which have been deposited on Si prevents
charging of the sample and subsequent re-deposition of material during the milling
process. This milling includes the nominal thickness of the films plus a significant
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portion of the substrate in order to retain overall sample strength. Preserving an amount
of the single crystal substrate allows for ease of locating the eucentric height as well as
the proper tip and tilt axes of the samples in diffraction mode. The ion gun is also used to
subsequently thin samples to proper thicknesses and “weld” samples to TEM grids. This
welding is actually a form of deposition wherein a localized reduction of an organometallic gas, usually platinum, is induced by injecting electrons (provided by the SEM)
or ions near the welding zone. Welding of delicate samples or ultra-thin films will
require the use of electron-beam-induced deposition in order to preserve the surface and
structural integrity.

2.6.2 X-ray diffraction
One of the most widely used techniques for evaluating the crystallinity and of
films and powders is x-ray diffraction (XRD). This method is analogous to an optical
diffraction experiment whereby the line spacings of the grating can be determined by the
resulting diffraction of light. The use of high energy, very short wavelength x-rays
provides a means to investigate the much smaller scale interplanar spacing of crystalline
materials. When a beam of x-rays containing a single wavelength impinges on a sample
most of the radiation scattered from one atom destructively interferes with radiation
scattered from other atoms and no signal is detected. However, x-rays that strike certain
crystallographic planes at specific angles constructively interfere rather than being
annihilated. This condition of interference is defined by Bragg’s law:
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where θ is half the angle between the diffracted beam and the original beam direction, λ is
the wavelength of the x-rays and d is the interplanar spacing between the planes that
cause constructive reinforcement of the beam. This relationship is shown graphically in
Figure 2.16.
The most commonly used equipment for powder samples or polycrystalline thin
films is a Debye-Scherrer camera, wherein an x-ray detector records the intensity of the
diffracted beam with respect to 2θ angles at which the beam is diffracted, producing a
characteristic diffraction pattern. This measured value of 2θ is a result of collecting the
reflected x-rays from the same angle above the sample as the x-ray source.

This

characteristic pattern can not only be used to determine overall material crystallinity, but
also provide a quantitative means of measuring crystallite size by calculating the full
width at half maximum (FWHM) of diffracted peaks. Additionally, relative strain in
polycrystalline materials can be measured based on the shift in the center location of the
reflection peak. Based on the relative intensity of peaks, XRD can also be used to
determine whether the material consists of many grains oriented in a particular
crystallographic direction (i.e. texture) in bulk materials as well as thin films.
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Figure 2.16 Graphic description of Bragg's law for two incident beams, where d is
the interplanar spacing, θ is the incident angle and the length of ABC = 2d sin θ.

2.6.3 Raman spectroscopy
Raman spectroscopy is a characterization technique that can provide information
about molecular vibrations and rotations based on the inelastic scattering of light with
matter. When a photon of visible light containing energy too low to excite an electronic
transition interacts with a molecule, inelastic scattering can occur with vibrational
energies present in the sample. Specifically, Raman scattering is a type of inelastic
scattering that interacts with changes in the polarizability of a molecule. Thus, only
molecules which experience changes in the polarizability with respect to the vibrational
coordinate will produce a Raman effect. One effect which can occur is when a molecule
is excited from the ground state to a “virtual” energy state, wherein the subsequent
relaxation of the molecule to a different rotational or vibrational state results in an
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emitted photon with lower energy than the original incident photon. This phenomenon is
known as Stokes scattering.
There is also the probability that a molecule already exists in an excited
vibrational energy state where the impinging photon can trigger the relaxation of this
molecule and provide additional energy to the subsequent scattered photon. This form is
known as anti-Stokes scattering and is generally less intense than Stokes scattering. At a
given temperature, an e-kT Boltzmann relation to the decreased probability of finding a
molecule in a higher energy excited state results in a lower population of molecules
which are available to induce anti-Stokes scattering. Graphical depictions of Stokes and
anti-Stokes Raman scattering are shown in Figure 2.17 in comparison to the much more
common elastic Rayleigh scattering in which there is no change in frequency of the
scattered photon.
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Figure 2.17 Graphical depiction of Stokes and anti-Stokes scattering in relation to
Rayleigh scattering.

Based on the change in molecular polarizability required to produce Raman
scattering effects, this technique can identify the phases present within a given material
due to the unique vibrational information specific to the chemical bonds and symmetry of
molecules. Plotting the intensity of the scattered light versus the shift in energy from the
incident light results in a Raman spectrum of the sample. Within this spectrum, the
magnitude of the Raman shift corresponding to the vibrational energies of the
characteristic vibrational modes within the sample provides a method of phase
identification. Generally, Raman spectra are plotted using the Raman shift with respect
to the incident laser frequency such that the Rayleigh band lies at a Raman shift of 0 cm-1.
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2.6.4 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a quantitative technique that can
provide analysis of the surface chemistry of the material, including elemental
composition, electronic states and chemical states. The addition of ion beam milling to
this characterization technique allows a depth profile of the chemical environment.
Under ultra-high vacuum conditions and with the use of a monochromatic high
energy x-ray source, the x-ray photons are absorbed by an atom in a solid which leads to
ionization and the emission of a core (inner shell) electron. Because the energy of the
incoming x-ray photon is known, the electron binding energy of each of the emitted
electrons can be determined by
Ebinding  E photon  ( Ekinetic   )

where E photon is the energy of the x-ray photons.

E kinetic is the kinetic energy of the

electron and is measured by an electron energy analyzer .

These analyzers use

electrostatic and/or magnetic lens units focused through apertures to effectively separate
out electrons in a desired narrow band of energies from the wide range of energies
contained in all other electrons entering the spectrometer. The work function of the
spectrometer associated with the energy analyzer,  , determines the acceleration of
emitted electrons from the surface of the sample toward the detector within the analyzer.
For every element there will be a characteristic binding energy associated with
each core atomic orbital, giving rise to a characteristic set of peaks in the photoelectron
spectrum at kinetic energies determined by the photon energy and the respective binding
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energies. The presence of peaks at particular energies therefore indicates the presence of
a specific element in the sample under study. Furthermore, the intensity of the peaks is
related to the concentration of the element within the sampled region.
One of the major strengths of the XPS technique is the ability to measure shifts in
the binding energy within materials, denoting variations in the oxidation state of atoms
and the local chemical environment. Atoms of higher positive oxidation state exhibit a
higher binding energy due to the extra coulombic interaction between the photoemitted
electron and the nucleus. These shifts are readily observable in resulting spectra due to
the high intrinsic resolution of discrete, well-defined energies available at core levels.
This aspect of the spectroscopic technique is used to confirm the interpretations
made regarding the broad peaks associated with GeOx at the interface seen in previously
presented Raman data. The relative changes of the XPS spectral peak areas associated
with metallic Ge and possible oxides of Ge are presented in a depth profiling method to
monitor the presence and evolution of an interfacial structure. While XPS is a surface
sensitive technique, a depth profile of the sample can be obtained by combining a
sequence of ion beam milling cycles interleaved with XPS measurements from the
exposed surface. An ion gun is used to remove the material for a period of time before
being turned off while XPS spectra are acquired. Each ion gun etch cycle exposes a new
surface and subsequent collection of XPS spectra provide the means of analyzing the
composition and relative material concentrations of these surfaces.

79

2.6.5 Optical absorption
Optical absorption measurements utilize wavelengths from the ultraviolet through
the near-infrared region. Comparison of the initial light intensity incident upon a sample
and detecting the intensity after interaction with the sample, a spectrum containing
absorption characteristics can be produced. The absorbance of the sample is given by the
logarithm of the ratio between the incoming radiation intensity (I0) and transmitted
radiation intensity (I):
I 
A  log 10  0  .
 I 

In this work, the samples used are thin films of Ge embedded in TCO deposited
on fused silica substrates. The absorption behavior of materials in the presence of these
wavelengths of light is defined by electronic transitions within its structure. Specific
photon energies can be absorbed by electrons in order to excite them from their ground
state orbitals to higher energy, excited state orbitals or antibonding orbitals, therefore
preventing transmission of that wavelength to the detector. This method of materials
characterization provides key information regarding the optical properties of Ge:TCO
composites by measuring the interaction of light with bound charges.
Changes observed in the optical absorption with this technique is therefore a
relatively simple method of determining potential quantum confinement effects, as
detailed in Section 2.2.1. Another feature readily observed in spectra for materials such
as metals and degenerately doped semiconductors (ITO) is decreased transmission in the
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near-infrared spectral region. The energy associated with this transmission decrease can
be correlated to a free carrier plasma resonance,  p , which can also provide information
about free carriers by the relation:

 p2 

Ne 2
me  0

where N is the number density of electrons, e is the charge of an electron, me is the
effective mass of the electron and  0 is the permittivity of free space.
Lastly, the thickness of the films on a substrate produced absorbance oscillations
in the spectra based on interference effects of reflections at each surface present in the
sample. These oscillations are known as Fabry-Perot fringes and posed some difficulty in
quantitatively analyzing the results without subsequent analysis.

Reflectivity

measurements were used to arrive at an absorption coefficient spectrum which was able
to remove these fringes. Use of this data was then appropriate for subsequent analysis
with the Tauc approach. The Tauc analysis was utilized as a method of modeling the
photon absorption to obtain an effective optical band gap of the composites and facilitate
interpretations of potential confinement effect.

2.6.6 Hall Effect
The Hall Effect characterization technique provides information regarding the
electrical properties of the nanocomposites. This effect appears when electrical current
applied to a material is also subject to a magnetic field perpendicular to it. When an
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electron moves along the electric field direction perpendicular to an applied magnetic
field, it experiences magnetic force, -qv  B, acting normal to both directions. The
resulting Lorentz force, -q(E + v  B), causes electrons to drift away from the current
direction and an excess negative surface charge is induced on one side of the sample.
The movement of electrons results in a weak, but measurable, potential difference known
as the Hall voltage perpendicular to both the current flow and the applied magnetic field.
The combination of these effects can be seen graphically in Figure 2.18.

Figure 2.18 Schematic of the Hall Effect in a long, thin bar of semiconductor
material, where I is the current, B is the applied magnetic field and d is the
thickness. [150]

82

Carrier mobility and concentration quantities can be obtained by use of the van
der Pauw method of measuring resistivity in conjunction with the Hall voltage. This
particular technique uses an arbitrarily shaped, thin-plane sample containing four very
small ohmic contacts placed on the corners.

By applying a current, I, through an

opposing pair of contacts the voltage, VH , can be measured across the remaining pair of
contacts. The sheet carrier density can be determined by using known values of the
current, I, magnetic field, B, 
charge of an electron along with the determined Hall voltage
in the relation:
ns 

IB
.
qe VH

Because the value of sheet resistance, Rs , measured in the van der Pauw
technique contains components ofsheet density and mobility, further quantification of the


carrier mobility can be accomplished through:



VH
.
RsIB

In order to minimize errors in the measurement, particularly in the resistivity, it is


preferred that the sample geometry
and location of contact points are symmetrical with
the contact areas kept as small as possible.

2.7

Research objectives
Single junction sensitization to the solar spectrum using nanophase Ge embedded

in TCOs is a potential method of achieving increased PV efficiency. The anticipated
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device structure which can utilize absorption sensitivity from Ge nanostructures are
shown in Figure 2.19. The presence of a heterojunction produced by the insertion of
semiconductor quantum dots offers opportunities of spectral and electrical enhancement.
However, realization of this potential is critically dependent on understanding the
conditions for quantum confinement and the effect of nanostructure on the optical and
electronic properties within these systems. Utilizing a “multilayer” sputtering approach
provides a technique to not only manipulate Ge exposure time to further investigate the
overall ensemble behavior of Ge nanocrystals, but also to easily control phase
composition. The analyses performed in the previously referenced studies show the
fundamental significance of the structural and chemical nature of the interface between
the embedding medium and the semiconductor itself and its large influence on the
characteristics of nanostructure-induced optical absorption modification.

Figure 2.19 Anticipated device structure of single junction sensitization with
semiconductor quantum dots.
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Although variation in Ge nanophase size can provide increased spectral tunability
and the use of TCOs provides control of carrier transport phenomena, inspection of the
electron affinity of Ge (Ea,Ge = 4.13 eV) [151] compared to ITO (Ea,ITO = 4.1 eV) [152] or
ZnO (Ea,ZnO = 4.35 eV) [153] raises a significant concern with using these TCOs, i.e.
whether or not electrons are able to be strongly confined within the Ge nanoparticles. An
energy diagram of these relative electron affinities is shown in Figure 2.20. Therefore, in
arranging these materials together in a composite, similarity in electron affinities requires
an investigation into the interfacial structure to not only establish carrier confinement
conditions related to changes in spectral absorption, but also carrier scattering behavior
which affects long range carrier transport. Introducing a change in the embedding TCO
utilized (between ZnO and ITO) as well as overall composite nanostructural variation can
provide insight into the relative sensitivity of these behaviors to interfacial chemistry and
structures. The impact of the Ge-TCO interface on the optical and electronic behavior of
such nanoheterogeneous material systems is critical to their successful implementation in
PV systems.
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Figure 2.20 Energy diagram comparison of Ge (bulk), ITO and ZnO electron
affinities.

Several methods of characterization, such as optical absorption, Raman
spectroscopy, Hall Effect, x-ray photoelectron spectroscopy (XPS), transmission electron
microscopy (TEM) and x-ray diffraction (XRD) are utilized in this research to study the
optical, electronic and microstructural response of these composites in relation to phase
composition, deposition conditions, and post-deposition thermal processing. A focus is
placed on the analysis of interfacial contributions to carrier confinement and
optoelectronic responses.

The exploration of these nanocomposite characteristics

provides the basis for understanding potential control of composite and interfacial
structural changes and can therefore be used appropriately for potentially increasing the
conversion efficiency in a PV device.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

The properties of Ge quantum dots and the interfacial effects are investigated in
nanocomposite thin films. This chapter presents considerations involved in the selection
of quantum dot, embedding matrix and substrate materials, as well as details of the dualsource RF-magnetron sputtering technique used for depositing the films. Post-deposition
processing and thermal annealing steps necessary to form the Ge nanocrystal phases are
described. Finally, a summary of the characterization methods used in the study along
with equipment and analysis parameters are presented.

3.1

RF-magnetron sputter deposition
Thin films can be fabricated in a number of ways, such as dip coating, spray

pyrolysis, chemical vapor deposition, evaporation and sputter deposition.

A

consideration of the materials used for PV enhancement, in this case transparent
conductive oxides and pure Ge, suggests certain techniques will be more favored than
others. Since the electrical and optical transport in TCO films depend strongly on their
microstructure and stoichiometry, as well as the nature of the impurities present, each
deposition technique yields films of different properties controlled via the deposition
parameters associated with the approach.
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Physical vapor deposition, specifically RF-magnetron sputtering, is commonly
used in the production of TCO thin films in solar cell applications for several reasons. In
this context, RF sputtering has several advantages, including straightforward control of
substrate temperature, good film adhesion, good thickness uniformity (with appropriate
design of deposition and target geometry and substrate motion), high film density, and
the potential for highly diverse compositions, including

alloys and compounds of

materials with very different vapor pressures. The technique also provides a high degree
of scalability to large areas (up to 3 × 6 m2) [154]. Control of a number of deposition
parameters such as pressure, insertion of reactive gases, substrate temperature and
applied power provide a collection of variables which can control the final stoichiometry
and microstructure in the final film.

3.1.1 Target materials
Reactively sputtering thin films of ITO and ZnO are commonly used to produce
high deposition rates at low substrate temperatures [155]. This is done by using pure
metallic targets of In and Sn or Zn and sputtering with a given partial pressure of oxygen
to obtain films with characteristic electrical and optical properties [156]. A method of
controlling stoichiometry, and thus the resulting optical and electrical properties, is to
perform sputter deposition from prepared oxide targets. In the present work circular
planar sputtering targets made by vacuum hot-pressing of stoichiometric powder, with
diameters of 2 inches and a thickness of 0.125 inches, were purchased from either SCI
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Engineered Materials or AJA International. ITO was composed of In2O3/SnO2 at 90/10
wt % with 99.99% purity and purchased from SCI Engineered Materials, ZnO was
purchased from AJA International at 99.99% purity and Ge was purchased from SCI
Engineering Materials at 99.999% purity. Additional samples deposited with aluminumdoped ZnO (AZO) containing 98/2 wt % of ZnO/Al at 99.99% purity were used to
facilitate Hall Effect measurements.

3.1.2 Substrate selection
In order to facilitate optical absorption, Raman spectroscopy and Hall Effect
measurements, films were deposited on 2 inch square fused silica substrates with a
thickness of 0.04 inches and a surface quality of 60-40 scratch-dig, purchased from Esco
Products.

Due to charging issues in various other analysis techniques, films were

simultaneously deposited to Boron-doped, p-type (100) silicon substrates thus allowing
optical and electronic measurements to be made from identical films. The resistivity of
the wafers ranged from 1 to 10 Ωcm with a thickness of 280 microns.
To produce the highest quality films possible, precautions were taken to ensure
cleanliness and purity. The substrates were ultrasonicated in a succession of solvents for
a duration of 15 minutes each, starting with acetone, then ethanol followed by isopropyl
alcohol (IPA). After a final IPA rinse, the substrates were and then dried with filtered,
compressed air. Depositions were performed at room temperature, without additional
substrate heating.
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3.1.3 Sequential, dual-source sputtering technique
In order to study the effects of Ge quantum dot size and its related interfacial
effects, a nanocomposite of Ge embedded in a TCO matrix was formed in-situ by a dualsource, sequential sputtering technique, providing single-step production of a complete
multi-phase structure. This method consists of alternately exposing a substrate to two
separate RF-magnetron sputtering guns within the same chamber. A schematic of the
deposition chamber is provided in in Figure 3.1. Each sputtering gun was fitted with a
different target material, one containing the TCO and the other containing the
semiconductor material. A baffle plate separating the two guns was fixed within the
chamber, creating two sub-chambers, to prevent cross contamination of materials during
deposition. Additionally, the sputtering gun used and sub-chamber was dedicated to a
single target material, again to avoid cross-contamination.
Substrates were secured to the sample platter which was mounted approximately
5 inches from the sputtering target surface.

Depositions were performed at room

temperature, with no additional heating of the sample platter.

The chamber was

evacuated by a turbomolecular pump backed by a mechanical (direct-drive) rough pump.
The base pressure reached in the chamber was 1 × 10-6, while an operating pressure of 4
mT was obtained by backfilling with ultra-high purity argon (99.999%). The RF power
(13.56 MHz) applied to the ITO, ZnO, AZO and Ge targets was 40, 48, 42 and 22 W,
respectively, to produce a deposition rate under the above chamber conditions and
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geometry of 1 Å s-1. This rate was confirmed during the deposition process using an
Inficon 750-618-G1 sputtering thickness monitor with a quartz crystal sensor. Final
composite film thicknesses were measured on witness samples using a Dektak 6M stylus
profilometer.
The relative volume percent of Ge and TCO phases in the composites can be
varied by regulating the amount of time that the substrate is held over each target, as well
as controlling the deposition rate for each gun, thus controlling the effective thickness of
each material layer. An alternating movement of the substrate platter over each target
was achieved by rotating the platter between each gun (see Figure 3.1). Motion control
was accomplished by using a stepper motor interfaced with a computer containing
software which allows user program platter motion and dwell time in each position. The
result is a multilayer thin film composed of alternating layers of Ge and TCO. Because
Ge is known to favor alloying with Si [157,158], an initial layer of TCO at a thickness of
7.5 nm was deposited first before beginning the desired multilayer structure. Sputtering
of thin films in this manner provided ready manipulation of phase compositions and
deposition conditions to easily influence phase assembly and chemistries.
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Figure 3.1 Schematic diagram of the dual-source RF-magnetron sputtering system

3.1.4 Nanocomposite configurations
A variety of nancomposite designs can be accomplished with the sequential,
multi-source sputter technique described. In this study, Volmer-Weber type film growth
was expected to produce a variation in the in-plane Ge nanophase assembly as dictated by
exposure time to the sputtering source during each alternative deposition cycle. By
depositing for very short exposure times (corresponding to approximately 0.4 nm of Ge
based on deposition rate, for example), it was expected that the film formed will be
discontinuous, characterized by islands growth, corresponding to the early stages of film
formation.

As the exposure time was increased (up to that corresponding to an

anticipated 1.5 nm material thickness), these islands will have additional time for grow
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and eventually coalescence into a more continuous film (details of this process described
in Section 2.4). This progression can be viewed graphically in Figure 3.2. In this sense,
producing sets of samples which include variations in the Ge exposure time/deposition
cycle in addition to a change in the embedding matrix chemistry can provide a suite of
specimens containing a range of nanostructural and interfacial chemical characteristics
highlighting

the

impact

of

semiconductor

phase

assembly

and

interfacial

chemistry/structure on resulting optical and electronic properties.

Figure 3.2 Diagram depicting the changes of as-deposited in-plane Ge assembly as a
function of film thickness.
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In the present study, the exposure time to the TCO source was kept constant,
producing a thickness of 15 nm, while two suites of samples were produced containing
either 0.4 or 1.5 nm Ge layer thicknesses. The final nanocomposite film thickness was
produced by iterative exposure of the substrate to each sputtering source.

Cycling

continued until the overall film thickness reached a nominal 500 nm to produce
specimens containing 9.8 vol% Ge (1.5 nm Ge layer thickness) and 2.6 vol% Ge (0.4 nm
Ge layer thickness). Additional 0.4 nm Ge layer thickness specimens were fabricated
with more cycles to bring the overall film thickness of the film to 1760 nm and provide
the same total Ge within the beam path as 1.5 nm Ge samples. The thicker specimens
offered comparable Ge amounts in the composite volume to the thicker Ge samples for
optical absorption measurements while still retaining the nanostructure of thin 0.4 nm Ge,
including a greater interaction volume for enhanced signal during Raman analysis. For
the current discussion, specimens based on the 0.4 nm Ge layer and 1.5 nm Ge layer
multilayer designs will be referred to as 0.4Ge:TCO or 1.5Ge:TCO, respectively, with
TCO noted as ITO or ZnO depending upon the material used as the embedding phase for
the Ge. An example of the anticipated nanocomposite structure is shown in Figure 3.3.
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Figure 3.3 Anticipated nanocomposite structures based on variation in Ge thickness
(light gray = TCO, dark gray = Ge).

3.2

Post-deposition heat treatment
Post-deposition annealing of the nanocomposites not only improves the overall

crystallinity of the films, and thus the optical and electrical properties, but also influences
the spatial extent and distribution of the Ge nanophase.

Heat treatment, thus, further

provides a means to manipulate the nanostructure for study of quantum confinement
effects. Annealing can also influence associated interfacial structures that can arise
between the semiconductor and TCO materials providing further insight into key
structural characteristics contributing to quantum confinement and carrier transport
effects in these composites.
Many of the heat treatment processes in previous works of Ge in SiO2 utilized
relatively high annealing temperatures (800 to 1000 C) to induce particle growth and
and coarsening to produce modifications in the average size and size distribution of
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semiconductor nanoparticle systems thus influencing their optical behavior via carrier
confinement [121,123,129] In contrast, the films produced in the current study were
subjected to much lower temperatures (400-600 °C) with a variety of annealing
timescales.

These lower temperature treatments access a different set of phenomena,

including crystallization (in both the matrix and semiconductor phases) and interfacial
reactions, that also result in significant changes in the average semiconductor
nanoparticle size and the evolution of carrier confinement conditions without relying on
longer range mass transport.
Heat treatments were performed by placing the sample, film side up, in a fused
silica boat and sliding the boat into a programmable muffle tube furnace with a fused
silica process tube (see Figure 3.4). A flowing inert dry Ar atmosphere was used to purge
the volume of the tube during annealing. In order to fully minimize the likelihood that
outside air was present during anneal, both ends of the tube were capped with borosilicate
glass (Pyrex) and tubing that permitted the Ar to flow in one end and out the other
through a bubbler to monitor and maintain flow rate. Temperature was monitored using
two type-K thermocouples, one inside the tube immediately adjacent to the sample boat
and another just outside of the tube by the heating elements of the furnace.

The

annealing time is defined as the time between introduction and removal of the boat from
the hot-zone of the furnace using a push rod. After the annealing period, the sample is
then cooled in air at room temperature.
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Isochronal anneals (i.e. constant annealing time) were performed in the manner
described above for 5 min at temperatures of 250, 310, 425 and 550 °C. Isothermal
anneals (i.e. constant annealing temperature) were performed for temperatures of 310,
425 and 550 °C using an annealing time sequence resembling a geometric progression: 5,
10, 20, 40, 80 and, for select samples, up to 160 min.

Figure 3.4 Schematic of tube furnace used for sample heat treatments

3.3

Microstructural analysis
3.3.1 Transmission electron microscopy
High-resolution transmission electron microscopy (TEM) was used extensively in

the following work to study the structure of the nanocomposites after various heat
treatments. This method characterizes the crystalline structure as well as the size and
distribution of the Ge nanophase within the TCO matrix. Appropriate sample preparation
is key to obtaining high-resolution images. In this case, the specimen thickness must be
near 100 nm for proper electron transparency and imaging contrast development.
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Cross-sectional samples can be prepared accurately to this desired thickness with
a method known as focused ion beam (FIB) wherein a focused beam of gallium atoms
effectively mills trenches on either sides of a small area of a sample, leaving behind a
rectangular-shaped piece which contains the films of interest toward the top as well as a
large portion of the substrate toward the bottom. For the samples in the present work, an
OmniProbe nanomanipulator was used for lift-out once this piece was cut from the
substrate, followed by transfer to a copper TEM grid and thinned further with the ion
beam until the thickness was sufficient for high-resolution imaging. The final specimen
size was approximately 8 m  3 m x 100 nm and was produced by an FEI Nova 200 at
30 kV and 7 nA to ensure as little damage as possible to the surface films. The grid was
then inserted into a JEOL 4000EX TEM for microstructural imaging with an accelerating
voltage of 400 kV. Selected area electron diffraction (SAED) patterns are obtained in
addition to real-space imaging of the specimens to enable confirmation of crystalline
phases present in the nanocomposites, as well as their spatial distribution and grain
structure. SAED was performed with a camera constant of 1.5 mm*nm.

3.3.2 Raman spectroscopy
Further structural insight was obtained by means of vibrational spectroscopy
using a Jobin Yvon Horiba Lab-Ram HR800 micro-Raman spectrometer under laboratory
ambient conditions. Excitation of the specimens was produced using either a watercooled argon ion laser with a wavelength of 514 nm or a temperature-stabilized diode
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laser at a wavelength of 785 nm as the excitation sources in order to observe specific
resonances in the films. Spectra were collected at room temperature in a backscattering
geometry through a 10× microscope objective producing a 100 μm diameter spot with 30
mW intensity at the sample. This excitation intensity was optimized to avoid sample
damage during measurement.

At full laser intensity and prolonged illumination, notable

changes in the Raman spectra, such as unrepresentative peak sharpening, were detected,
indicative of sample modification by the beam.

Care was taken to ensure that the

illumination intensity was below the threshold known to cause this irreversible damage
by using an ND-3 neutral density filter place in the excitation beam path. To improve
signal-to-noise, spectra acquisition for each sample was averaged over 5 collections at 30
second integration times for each spectrum. An air-cooled Si-CCD array was used for
detection with the overall spectrometer systems providing a wavenumber resolution of 2
cm-1.

3.3.3

X-ray diffraction

One of the most widely used techniques for evaluating the crystallinity and
structure of films and powders is x-ray diffraction (XRD). This method of analysis
serves to corroborate the phase information gained from Raman and SAED. . The
technique in the present work allowed the evolution of film crystallinity and phase
development to be monitored as a function of thermal processing. The XRD used in the
following studies is a PANalytical X'Pert Pro MPD containing a Cu Kα source with an x-
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ray wavelength of 1.54 Å. The run conditions consisted of a 2θ step size of 0.05° and a
scanning range of 20 to 80°.

3.3.4

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) utilizes x-rays to ionize core level
photoelectrons from the inner shell of an atom. Analysis of their kinetic energy, coupled
with the energy of the excitation x-ray allows the electron binding energy to be
determined. This binding energy is unique to the state of the electron within the energy
structure of the atom as well as its local bonding environment. Given the limited escape
depth for the photoelectron from the material coupled with the sensitivity of the observed
binding energy to the local bonding environment, XPS provides a valuable, surface
sensitive means to establish chemical composition and bonding characteristics for
materials.
In the present work, the technique is used in conjunction with an iterative Ar ion
milling process to provide insight into the evolution of local bonding environment of the
thin film species at the interface between the TCO and Ge phases. To accomplish this, a
set of continuous layer composite films was made on p-type Si substrates with the
structure (beginning from the free surface): 10 nm TCO:10 nm Ge: 30 nm TCO: Si
substrate (see Figure 3.5). The escape depth for the photoelectrons of ~1-3 nm provides
an estimate of the effective depth resolution for this analysis. Moreover, the development
of surface topography with the ion milling procedure is anticipated to further limit the
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depth resolution.

The use of the three-layer sample configuration allowed the

development of distinct interfacial regions with in-plane structural and chemical
uniformity, essentially isolating the interface between the different phases for study in
this 1-D depth profile.

The use of a finite depth Ge layer also allows the milling to

proceed through this layer into the underlying TCO layer, providing confirmation of
analysis position within the depth of the layered specimen. Heat treating these tri-layer
configurations using identical conditions in the nanocomposite specimens that serve as
the focus for the optical and electronic measurements provided a range of interfacial
structures that should be representative of those occurring within the nanocomposite
specimens. Ar ion milling was performed for 3 mins between acquisitions of spectra to
ensure high resolution of the interfacial profile. Ar ions are used to perform the milling
at an accelerating voltage of 4 kV and a current of 3.8-4.2 μA.
The efforts to confirm milling rates involved measurement of the amount of time
required to mill through 50 nm as-deposited single-phase films of ZnO and ITO.
Monitoring of the relative peak intensities between In 3d/Zn 2p and Si 2p (i.e. an
eventual disappearance of the In/Zn peak with a concurrent increase in the Si peak) was
used as the metric for determining when the TCO film has been completely milled away.
An attempt was made to calculate milling rates for each composite sample individually
by the tracking of total milling time relative to the initial appearance of a Si 2p peak,
signifying total film etching. The approximate milling rate was 4 Å/min for Ge:ZnO and
2.5 Å/min for Ge:ITO, however, there was limited control over the ion current used for
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milling which provided inconsistency from sample to sample. In addition, requirement of
long periods of time to perform high-resolution depth profile studies resulted in several
samples that were not fully milled to the substrate, accurately determine specific milling
rates. With these considerations, XPS data of binding energy and subsequent peak areas
are presented with respect to the amount of time milled into the sample.

Figure 3.5 Diagram of tri-layer samples used for XPS analysis.

3.4

Optical absorption and reflectance
Optical absorbance and reflectance measurements were obtained using a

PerkinElmer Lambda 950 UV-visible-NIR spectrophotometer equipped with a variable
angle specular reflectance accessory. The range of wavelengths that can be studied with
this instrument ranges from 175 to 3300 nm, however most spectra were collected over a
wavelength range of 200–2800 nm using 1 nm increments. The reflectance accessory can
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provide a variety of incident angles from 8 to 68 degrees.
Using these measurements, the absorption coefficient of the composite samples
was calculated as follows:

1
d

  ln

Tsu b 1  R
T

(3.1)

where Tsub is the transmittance of the fused silica substrate, and d, R and T are the

 transmittance of the sample, respectively [6]. The bandgap
thickness, reflectance and

 behavior of the nanocomposite films with changes in film layer design and thermal
annealing was also examined by applying a Tauc analysis to the resulting absorption
coefficient spectra using the following relationship [6]:

h 1/ 2  B1 / 2 h  E gopt 

(3.2)

where h is the incident photon energy, B is the Tauc constant and E gopt is the optical
bandgap extrapolated by a linear fit of the plot of h  versus h . The 0.5 value for
1/ 2


the exponent in this case is consistent with the indirect bandgap anticipated for the Ge

3.5





semiconductor phase.

Electrical properties
After

characterizing

the

structure

and

optical

properties

of

Ge:TCO

nanocomposite films, Hall Effect and photoconductivity measurements were used to gain
insight into the effects of film assembly and heat treatment on carrier transport properties.
This included phenomena such as carrier mobility, resistivity and carrier concentration.
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Hall measurements were performed at room temperature using the van der Pauw method
on an Ecopia HMS-3000 Hall Effect measurement system.

Further studies of

temperature-dependent Hall Effect were performed on an Ecopia HMS-5000, which used
liquid nitrogen and a temperature regulating heater to collect data from 80 K to 350 K.
Measuring carrier transport properties with respect to changes in collection temperature
allow information on scattering mechanisms to be obtained.
In both instruments, care was taken to maintain symmetry in the samples by using
only square sections, while measurements of the nanocomposites on fused silica
substrates eliminated additional free carrier effects from p-type Si. Gold probes were
utilized as ohmic corner contacts and in some cases when obtaining proper contacts onto
bare samples was difficult, In was evaporated onto small areas in the corners to provide a
sufficient contact method without disturbing the representative electrical properties of the
samples. The applied current was 10 mA and the transverse magnetic field was 0.5 T.
Photoconductivity measurements were performed with an LED excitation source
of 475nm, a full-width at half maximum of 10nm and a power density of 30 mW/cm2.
This wavelength, corresponding to an energy of 2.6 eV, was chosen because it was within
the transparency region of single-phase ITO, but within a spectral range associated with
Ge absorption. A four-point probe arrangement from Jandel (Universal probe station), as
shown in Figure 3.6, enabled measurement of the sheet resistance while providing optical
access to the sample. While some inhomogeneity in sample dark resistivity with respect
to probe location on the film was observed, the reported optically induced changes in
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resistivity were confirmed by repeated measurements at a fixed location on the sample.

Figure 3.6 Photo of four point probe apparatus.
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CHAPTER 4

RESULTS AND ANALYSIS

Quantum confinement effects seen for semiconductor nanoparticles are
significantly dependent upon their dimensions and morphology (see Section 2.2.1 above),
therefore an extensive study was performed to characterize the short-range aspects of the
nanocomposite, including Ge domain size, shape and interfacial structure. In addition,
the the long-range assembly of the Ge phase within TCO host and the grain structure
development of the matrix phase was also examined in the context of its influence on
both semiconductor phase evolution and as a primary phase for carrier transport within
the composite.
High resolution transmission electron microscopy coupled with selected area
electron diffraction was used to evaluate key aspects of the composite nanostructure,
including Ge nanoparticle size as well as the crystallinity and grain growth of the TCO
embedding material.

X-ray diffraction was also utilized to provide additional

confirmation of crystalline structures as well as a ready method to examine preferential
grain growth in the TCO with respect to annealing conditions. The use of Raman
spectroscopy allowed further analysis of phases present in the nanocomposites which
would have otherwise been difficult to detect in x-ray diffraction given the limited
volume of Ge present in the nanocomposites investigated. .
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X-ray photoelectron spectroscopy was used to study the chemical bond
environment at the interface between the semiconductor and TCO phases.

The

characterization was performed on specially fabricated tri-layer samples to provide an
isolated, two-dimensional interfacial area for analysis. Extraction of the results found in
this configuration can then be extended to provide interpretation of the more complex
interfacial structures present in the nanocomposites.
Modifications in the structural attributes of the composites examined above
(including

semiconductor

nanoparticle

size,

number

density,

and

interfacial

characteristics) were correlated to optical properties using optical absorption (UV-VisNIR) spectroscopy. In conjunction with associated reflectivity measurements from the
nanocomposite samples, a Tauc analysis of the absorption spectrum was also performed
to more effectively quantify the effective optical band gap of the nanocomposites and its
dependence on nanostructure.
Insight into the effect of nanocomposite structure on the electrical properties of
these films was gained through the use of room temperature and temperature-dependent
Hall Effect measurements. The behavior of photo-activated carriers was examined by
measuring the change in sheet resistivity of the films (four-point probe) under
illumination.
Ultimately, interpreting the influence of nanostructure on these specific optical
and electronic properties will be key in evaluating the use of these composistes in
photovoltaic context.
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4.1

Nanostructure
4.1.1 Cross-sectional nanostructure of isochronally annealed Ge:ITO
nanocomposites
Based on results obtained from a literature survey of similar systems

[121,123,129], relatively lower temperatures of 250, 310, 425 and 550 °C were chosen
for more detailed study of the optoelectronic and microstructural characteristics of
Ge:TCO composites. As-deposited specimens of Ge:ITO nanocomposites are shown for
representative 1.5Ge:ITO and 0.4Ge:ITO specimens in Figure 4.1a and b. In these
images the Ge-phase is associated with the lighter gray-scale features due to the reduced
Z-contrast of Ge compared to the heavier elements which constitute the ITO. High
resolution examination of the as-deposited 0.4Ge:ITO and 1.5Ge:ITO show no evidence
of lattice fringing, consistent with the deposition of amorphous material.

The as-

deposited films are contain uniform thickness with a periodicity of the alternating Ge and
ITO layers consistent with the deposition conditions described in Section 3.1.4.
Subsequent annealing at 310 °C for 5 mins of 0.4Ge:ITO induced a crystallization
of the ITO matrix as well as an initially observed “break-up” of the as-deposited Ge
nanophase morphology. Annealing at 550 °C for 5 mins exhibited a decrease in the Ge
nanoparticle size to produce more isolated, equiaxed Ge domains with an average
dimension of 4 nm with an overall size ranging from 2 to 6 nm. While crystallization of
ITO also occurred in samples containing 1.5Ge:ITO at 310 °C and higher, the
development of distinguishable Ge nanocrystals occur mainly after anneal at 550 °C. The
domain shapes in this case appear more elongated with an average length (in-plane) of 9
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nm with a range from 9 to 12 nm and an average width (out-of-plane) of 5 with a range
from 4 to 6 nm.

Figure 4.1 Cross-sectional transmission electron micrographs of 0.4Ge:ITO (top)
and 1.5Ge:ITO (bottom) specimens: as-deposited (a and b), annealed in an Ar
atmopshere for 5 mins at 310 °C (c and d), and at 550 °C (e and f).
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4.1.2 Plan-view
nanocomposites

nanostructure

of

isochronally

annealed

Ge:ITO

In order to further analyze the in-plane size, size distribution and morphology of
Ge embedded in the ITO matrix, additional TEM characterization of Ge:ITO
nanocomposites prepared in plan-view was performed. The results of 0.4Ge:ITO and
1.5Ge:ITO annealed at 550 °C are shown in Figure 4.2. The lighter contrast areas circled
represent the Ge phase within the ITO matrix.

The average size observed in the

0.4Ge:ITO sample annealed at 310 °C is 10 nm with a range from 3 nm to 21 nm. In this
case, an interconnected structure of larger Ge areas was seen in conjunction with smaller
Ge domains which were slightly isolated from these larger Ge regions. After annealing at
550 °C, the number of these isolated regions within the area increased and exhibited a
more circular shape with a decrease in the Ge dimensions. Ge nanoparticles are more
evenly distributed within the phase plane with anneal at a higher temperature, also
correlated with structural findings from the cross-section.
By comparison, no significant contrast differences were observed for 1.5Ge:ITO
annealed at 310 °C, consistent with the absence of distinguishable Ge nanocrystals from
cross-sectional results seen in Figure 4.1d. The average size of Ge nanoparticles within
the 1.5Ge:ITO films annealed at 550 °C was 7 nm with a range from 4 to 11 nm. As
observed in Figure 4.2d with a few example denoted by the added white circles, a
combination of round and elongated Ge nanostructures clustered fairly close together was
prominent in these samples, a result also correlated with the overlapping contrast seen in
the corresponding cross-sectional view. Viewing of these features was facilitated by over
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focusing the microscope to produce an alternating dark and bright ring around the areas
of interest. These are associated with Fresnel fringe effects occurring at grand boundaries
within the specimen.
Widespread lattice fringing contrast is likely the majority ITO phase, which has
previously shown an increase in crystallinity with anneal, thus similar z-contrast as well
as overlapping crystalline phases limits the ability to look for contrast associated with the
Ge phase. The very dark contrast feature in the lower region of the 0.4Ge:ITO sample
annealed at 550 °C (circled in Figure 4.2b) is an example of the ITO grain development
present in these samples. Comparison of nanocomposites annealed at 310 °C shows the
effects of as-deposited phase assembly on the plan-view nanostructure. A very uniform
structure was observed in 1.5Ge:ITO, while hetergenous contrast was observed in
0.4Ge:ITO and can suggest the presence of discontinuous island formation in the
0.4Ge:ITO composites, consistent with the limited Ge exposure time during deposition.
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(a)

(b)

(c)

(d)

Figure 4.2 Plan-view TEM of (a) 0.4Ge:ITO annealed at 310 °C for 5 mins, (b)
annealed at 550 °C for 5 mins, (c) 1.5Ge:ITO annealed at 310 °C for 5 mins and (d)
annealed at 550 °C for 5 mins.
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4.1.3 Cross-sectional comparison between isochronally annealed Ge:ZnO
and Ge:ITO nanocomposites
4.1.3.1 Ge:ZnO nanostructure
Variation in the TCO embedding matrix material provides the opportunity to
examine the impact of TCO chemistry on the evolution of nanostructure in films
deposited under identical conditions to those of the Ge:ITO specimens. Cross-sectional
TEM analysis was thus performed on 0.4Ge:ZnO and 1.5Ge:ZnO nanocomposite films
that were fabricated and annealed in a manner consistent with Ge:ITO specimens.
Figure 4.3 contains cross-sectional TEM images obtained from as-deposited
Ge:ZnO nanocomposite films. In contrast to the ITO-based composites described above,
these films appeared to be polycrystalline (Figure 4.3a and c).

This as-deposited

polycrystalline structure of the majority ZnO matrix phase resulted in significantly less
in-plane thickness uniformity of the Ge phase than Ge:ITO producing an average asdeposited particle length (aligned along the film plane) of 6 nm ± 4 nm in films produced
with a 1.5 nm Ge layer per deposition cycle and 4 nm ± 2 nm in the films deposited with
0.4 nm Ge layers. The dimensions for Ge particles along the film growth direction in the
ZnO-based composites appeared to scale with the as-deposited Ge layer thicknesses,
approximately 2 nm for 1.5Ge:ZnO and 1 nm for 0.4Ge:ZnO specimens.
While z-contrast was limited in the TEM micrographs of the Ge:ZnO composite
films, the presence of the Ge phase (lighter contrast material) is clearly observed within
the annealed 1.5Ge:ZnO films shown in Figure 4.3d, despite the concurrent grain
evolution (and associated diffraction contrast enhancement) of the ZnO matrix material.
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An average 4 nm Ge particle size with overall sizes ranging from 3 to 10 nm was
observed after annealing at 550 °C, a decrease of 2 nm compared to the as-deposited
films. Similarly, Figure 4.3b shows that the impact of annealing on 0.4Ge:ZnO samples
was, again, a reduction in the Ge particle sizes observed.

Here, a decrease of

approximately 3 nm for the in-plane Ge nanoparticle size was seen post-deposition anneal
with final sizes ranging from 3 to 6 nm.
The in-plane morphology of Ge within Ge:ZnO composites is not as uniform as
that observed from samples containing the ITO embedding matrix, presumably due to the
development of more pronounced faceting of the ZnO grains (Figure 4.3b and d). The
as-deposited ZnO grain size range in 1.5Ge:ZnO is limited to 13–15 nm (Figure 4.3c),
increasing to 20–23 nm after heat treatment, consistent with the transition observed in the
SAED patterns from a relatively solid ring pattern (Figure 4.3c inset) to one exhibiting
increased speckling within rings (Figure 4.3d inset).

A similar effect in the

polycrystalline SAED patterns can be seen between Figure 4.3a and b with grain sizes of
16–18 nm in as-deposited 0.4Ge:ZnO increasing to 20–24 nm after annealing at 550 °C.
Note that, due to the inclusion of the substrate within the selected area, the SAED
patterns for the 0.4Ge:ZnO specimens (Figure 4.3a and b insets) also contain
contributions from bulk Si, observed as a single crystal pattern overlaid on the ring
structure.
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(a)

(b)

(c)

(d)

Figure 4.3 Cross-sectional TEM and corresponding selected area electron
diffraction (SAED) patterns of Ge:ZnO composites: (a) 1.5 nm Ge:ZnO asdeposited, (b) 1.5 nm Ge:ZnO annealed at 550 °C for 5 min, (c) 0.4 nm Ge:ZnO asdeposited and (d) 0.4 nm Ge:ZnO annealed at 550 °C for 5 min.
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4.1.3.2 Ge:ITO nanostructure
A new set of Ge:ITO samples were produced for comparison to Ge:ZnO, with
both sets annealed simultaneously under the same conditions (Figure 4.4).

After

annealing at 550 °C for 5 min (Figure 4.4b and d), the Ge:ITO composite samples also
began to exhibit more isolated Ge crystals. The in-plane Ge particle dimensions ranged
from 4 to 10 nm with an average size of 6 nm for 1.5Ge:ITO composites and 3–6 nm
with an average of 4 nm for 0.4Ge:ITO composites, exhibiting a decrease in Ge
connectivity and change in morphology from the continuous amorphous as-deposited
counterparts. The out-of-plane dimensions for these particles also remained consistent
with the initial Ge thickness used per deposition cycle: approximately 2 nm for
1.5Ge:ITO and 1 nm for 0.4Ge:ITO.
Annealing of both 1.5Ge:ITO and 0.4Ge:ITO films produced similar
modifications in ITO crystallinity and grain development. The formation of diffraction
contrast in the initially amorphous matrix and the formation of distinct grains is observed
in the cross-sectional TEM images (Figure 4.4b and d) after the 550 °C isochronal
anneal. The ITO grains appear more equiaxed with a size (12–15 nm) that is again
largely consistent with the initial ITO layer thickness used during deposition.

The

annealing-induced evolution of ITO crystallinity with grain growth is further confirmed
in the SAED patterns observed (Figure 4.4b and d insets). Here, the formation of a
speckled ring pattern, consistent with that anticipated for crystalline ITO (see above), was
observed.
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(a)

(b)

(c)

(d)

Figure 4.4 Cross-sectional TEM and corresponding SAED patterns of: (a)
04Ge:ITO as-deposited, (b) 0.4Ge:ITO annealed at 550 °C for 5 min, (c) 1.5Ge:ITO
as-deposited and (d) 1.5Ge:ITO annealed.
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4.1.4 Selected area electron diffraction indexing for phase identification
A polycrystalline electron diffraction simulation software, called PCED [159],
was used to index the SAED patterns for identification of phases present in the
nanocomposites. This method of matching was intended to confirm the Ge crystallinity
and also to investigate potential unidentified phases by eliminating contributions from the
two known materials present in the composite.

The SAED pattern experimentally

obtained for a 500 nm thin film of pure Ge is shown in Figure 4.5 with an overlay of the
simulated pattern. The highest intensity ring corresponds to the Ge (111) orientation,
with additional, but less intense, contribution from (220) and (311).

Haziness also

observed within the pattern is attributed to amorphous Ge, corresponding to a mixture of
amorphous and crystalline phases present in this sample.
A pattern collected from a 1.5Ge:ITO sample annealed at 550 °C for 5 mins is
shown in Figure 4.6 with a corresponding overlay of the simulated diffraction pattern.
The red lines (denoting relative intensity of simulated rings viewed in the pattern)
correspond to a TCO phase while blue lines denote the Ge phase. It can be immediately
seen that the structure of ITO is highly polycrystalline and produces a complex speckled
ring pattern. Examination of the simulated overlay shows that discernment of the Ge
phase is particularly difficult within this matrix material, however identification of (222)
ITO is seen with as the highest intensity ring.
Figure 4.7 shows the actual pattern of 1.5Ge:ZnO annealed at 550 °C for 5 mins
with simulated patterns of polycrystalline Ge and ZnO. The ring pattern is significantly

118

less complex than that obtained from Ge:ITO, with fewer diffracted rings, implying
specific preferential orientation of ZnO, particularly in (002). Viewing of the Ge phase in
this specimen is possible with some diffracted spots matching up to Ge (111), however is
still limited due to significant grain growth of ZnO as well as smaller dimensions and
volume fraction of Ge nanocrystals, as seen in TEM (Figure 4.3d).

Figure 4.5 Simulated polycrystalline SAED pattern of Ge overlaid on an actual
pattern collected from a single phase thin film sample.
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Figure 4.6 Simulated polycrystalline SAED pattern of Ge and ITO phases overlaid
on actual pattern collected of 1.5Ge:ITO annealed at 550C for 5 mins.
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Figure 4.7 Simulated polycrystalline SAED pattern of Ge and ZnO phases overlaid
on actual pattern collected of 1.5Ge:ZnO annealed at 550 °C for 5 mins.

4.2

X-ray diffraction
While analysis of SAED patterns effectively provides localized information of the

crystalline phases, x-ray diffraction (XRD) measurements of Ge:TCO composite films
was used to investigate long-range crystallinity evolution of the Ge and TCO structure
with respect to annealing conditions. XRD can additionally provide supporting evidence
of preferred crystallographic orientation as observed in SAED patterns.
The results for 0.4Ge:ITO and 1.5Ge:ITO before and after heat treatment at 310
and 550 °C are shown in Figure 4.8. The data show that Ge:ITO films are deposited as
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amorphous and transition to a polycrystalline structure with anneal. Examination of the
pattern after post-deposition annealing shows evidence for both ITO and Ge crystalline
phase development. While most reflections are associated with cubic In2O3 (JCPDS no.
44-1087), the presence of a reflection near 2θ = 27.6° corresponding to diamond cubic Ge
(111) (JCPDS no. 04-0545) is associated with the formation of crystalline Ge after the 5
min thermal treatment [160]. This is directly correlated with the highest intensity ring
observed in matched ring patterns from SAED (Figure 4.5). As observed in Figure 4.9,
the Ge reflection is greater in peak area magnitude in patterns taken from the composites
treated at 550 °C.
Comparison of patterns produced from Ge:ZnO and Ge:ITO as-deposited and
annealed at 550 °C for 5 mins, along with similarly treated single-phase TCO materials,
are shown in Figure 4.9. As-deposited single-phase ITO and Ge:ITO films are, as seen
previously, amorphous with thermal treatment of the ITO-based matrix resulting in the
crystallization of ITO Figure 4.9b. Here, the XRD patterns have been normalized to the
peak (222) reflection and all peak locations are in good agreement with literature values
for cubic indium tin oxide containing 10% tin [JCPDS Card no. 44-1087].
Comparing patterns from the Ge:ITO composites to single-phase ITO films, it is
again evident that the incorporated Ge nanophase influences the observed crystallite
orientation of the ITO matrix in the nanocomposite material compared to that of the
single-phase films. This is most easily observed by comparing ratios of the integrated
intensities of the (400) to the (440) reflections observed in Ge:ITO composite (peak area
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ratio = 1.77) to that of the single phase ITO material (peak area ratio = 0.15). Again, the
FWHM of the peaks in the 2 diffractogram are greater in the composite film compared
to the single phase films.
Analysis was performed to obtain the full width at half maximum intensity for
(222) reflections with peak 2 = 30.6° by using a step size of 0.05 with the values found
to be Ge:ITOFWHM = 0.45 ± 0.05 and ITOFWHM = 0.2 ± 0.05. The Debye-Scherrer
[161] relation was used for determining nanocrystallite size:

L

K
 cos 

where K is the Scherrer constant taken to be 0.9,  is the wavelength of the x-ray source,

 is the full width at half maximum of the desired peak in radians, and  is the Bragg
angle (i.e. half of the 2 obtained for the peak center). This calculation suggests average
ITO grains sizes of about 18 nm in the composite and grains exceeding 40 nm in the
single-phase material [162].
The patterns associated with single phase ZnO in Figure 4.9a exhibit peaks at 2
= 31.7°, 34.1°, and 36.0° that are associated with (100), (002), and (102) ZnO lattice
planes. In the pattern collected from the as-deposited Ge:ZnO, only the (002) reflection
(2Θ = 34.2°) is observed. The absence of additional reflections indicates significant
crystallographic preferential orientation of the ZnO in these composites. Moreover, the
FWHM of the (002) peak calculated from this pattern (Ge:ZnO FWHM = 0.9 ± .05) is
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significantly greater than the FWHM of the same peak in the pattern collected from the
single-phase ZnO film (ZnOFWHM = 0.45 ± .05).
These results indicate that the average ZnO crystal size within the nanocomposite
is approximately 9 nm, i.e. half the average value found from similar analysis of the
single-phase ZnO film. These results are qualitatively confirmed through examination of
the associated TEM images that reveal largely single-crystal grains in both systems with
sizes consistent with the XRD findings. The results suggest that the deposition of the
semiconductor phase during nanocomposite film formation inhibits host grain growth.
While thermal treatment does not significantly impact the FWHM value of the singlephase ZnO films, the Ge:ZnO composite specimens has a FWHM that is reduced to 0.5 ±
0.05, which is nearly the same FWHM of the single-phase film, indicating an increase in
average grain size by 80% (i.e. growing to an average size of ~16 nm).
In addition, upon thermal treatment, the (002) ZnO peaks shift, from their asdeposited values (given above), to 34.4 and 34.7° for single-phase ZnO and Ge:ZnO
composites, respectively. Given that a fully annealed ZnO (002) reflection peak is
reported at 34.44° [163], the modification in (002) position upon heat-treatment in the
single-phase materials is associated with a reduction in as-deposited compressive stress
state in the film [140]. It is likely that annealing has a similar effect in the (002) angular
shift observed in the Ge:ZnO nanocomposite, though the slightly larger diffraction angle
(34.7° compared to 34.4°) suggests a smaller ZnO lattice constant than that anticipated.
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Figure 4.8 XRD patterns of 0.4 Ge:ITO (black line) and 1.5Ge:ITO (gray line) in
both the as-deposited condition and after a 550 °C, 5 min anneal.
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Figure 4.9 XRD patterns from (a) Ge:ZnO composite specimens and single-phase
ZnO films and (b) Ge:ITO composite specimens and single-phase ITO films.
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The effect may be associated with a number of mechanisms, including the substitution of
Ge for Zn in the ZnO lattice [140] and contributions from the second (Ge) phase to stress
development within the film.
Both annealed TCO composite specimens (i.e. based on ZnO and ITO) thus have
TCO grain sizes estimated to be on the order of 16-18 nm. These values are close to the
thickness of the as-deposited TCO layers (15 nm). Further study of specimens subjected
to longer annealing times and/or produced with varied as-deposited layer thicknesses will
be required to accurately assess the extent to which the incorporated Ge phase inhibits
TCO grain development at elevated temperatures. In both systems, the estimated grain
sizes are slightly larger than the as-deposited TCO layer thickness, which agrees with
observations made from TEM micrographs in Figure 4.1 and Figure 4.4 indicating
penetration of the as-deposited Ge region by the evolving TCO grain structure. The
observation that the ZnO grain size of the Ge:ZnO composite film has approached the
grain size of the single-phase ZnO film suggests the potential to retain microstructure
(and associated optical and electronic properties) consistent with that of single-phase
TCO films.

4.3

Raman spectroscopy
4.3.1 Raman analysis of isochronally annealed Ge:ITO
Raman spectroscopy in the following study is used to further evaluate the

evolution of the TCO matrices as well as the embedded Ge nanophase.

Spectra
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containing isochronal heat treatments of 0.4Ge:ITO and 1.5Ge:ITO specimens shown in
Figure 4.10a and b have been normalized to 1. As-deposited 0.4Ge:ITO (Figure 4.10a)
films exhibit a broad feature peaked at 238 cm-1, attributed to a characteristic resonance
of amorphous Ge. Spectra from a 310 °C 0.4Ge:ITO specimen show reduced peak
intensity at this energy relative to the broad scattering observed between 325 and 650 cm1

, which can be associated with an amorphous germanium oxide-based structure,

described here as GeOx. The lower energy feature (238 cm-1) is no longer apparent in the
550 °C 0.4Ge:ITO specimen. These spectra, instead, have a relatively weak peak at 298
cm-1 against the now more intense higher energy scattering with the location of this peak
identified as crystalline Ge phase formation.

Resonances associated with ITO are

anticipated at 144 and 175 cm-1 [164] and so were outside the spectral range accessed in
the present study.
The annealing-induced changes in the Raman spectra of the 1.5Ge:ITO are
distinguishable from those observed from the 0.4Ge:ITO film structure. The as-deposited
1.5Ge:ITO specimen (Figure 4.10b) exhibits a very broad resonance feature that is
centered near 264 cm-1, again associated with an amorphous Ge phase. In contrast to the
thermally induced (310 °C anneal) changes observed in films composed of thinner Ge
layers (i.e. 0.4Ge:ITO), the spectrum of the 1.5Ge:ITO specimen annealed at this
temperature is largely unchanged from that obtained in its as-deposited condition. The
1.5Ge:ITO composite annealed at 550 °C continues to exhibit broad, low energy
scattering, though the peak is now located at higher energy (275 cm-1).
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Figure 4.10 Normalized Raman spectra collected from (a) 0.4Ge:ITO composites
with comparison to a GeO2 spectrum (dots) collected by others[165] and (b)
1.5Ge:ITO composites.
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When treated at 625 °C, a relatively sharp feature (again near 298 cm-1) evolves.
In this specimen, the higher energy vibrational bands are also apparent, though relatively
less intense compared to the peak at 298 cm-1. Spectra obtained from 0.4Ge:ITO and
1.5Ge:ITO annealed at 550 °C exhibit differences in the relative intensity between Ge
and GeOx vibrational resonances. The broad oxide peaks in 0.4Ge:ITO are noted to
occur with intensities larger than the scattering intensity associated with crystalline Ge.
Similar examination of 1.5Ge:ITO shows development of the sharp peak at 298 cm-1 with
limited GeOx intensity. Relative intensities appear to scale with the anticipated changes
in interfacial area and Ge volume present in correlation with changes in composite
deposition conditions and resulting structure (as seen in Section 4.1.1).

4.3.2 Raman analysis of isothermally annealed Ge:ITO
Raman spectra of 0.4Ge:ITO and 1.5Ge:ITO isothermally annealed at 550 °C were also
obtained to elucidate variations in Ge phase and possible interfacial structures within
these samples compared to other composites heat treated under isochronal conditions.
These results are shown in Figure 4.11a and b. In this case, the same broad peak at 275
cm-1 is observed in 1.5Ge:ITO (Figure 4.11a) up to 20 min annealing times. At40
minutes the low intensity, broader scattering from 325 and 650 cm-1 previously identified
in samples annealed at 625 C in Figure 4.11b can also been seen, but with a concurrent
sharpening of the low energy scattering to 296 cm-1. Further annealing at 80 min.
increases the relative intensity of the broad scattering as the low energy resonance once
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again increases to 298 cm-1. Samples containing 0.4Ge:ITO also contain relatively high
intensity broad peaks (centered at 450 cm-1) after 5 min anneals, but experience a
significant intensity decrease for anneals longer than 10 min.
Composites of 0.4Ge:ITO have shown significant changes in optical absorption
(to be described below) as well as in Raman scattering after annealing at 550 °C from the
as-deposited samples. Therefore additional isothermal treatments for these films were
performed at 310 °C and 425 °C to provide more discrete tracking of the intermediate
nanostructure and Ge phase-related evolution. These results are provided in Figure 4.12.
Samples annealed at 310 °C (Figure 4.12a) consistently show the broad, low energy peak
at 238 cm-1 and no additional shifts with increasing heat treatment time, however the
scattering seen from 325 and 650 cm-1 does increase in relative intensity between 5 and
80 mins. Comparatively, samples annealed at 425 °C (Figure 4.12b) show much higher
intensities of this broad range of peaks with no detectable peaks in the lower energy
range, except for a sharp peak appearing at ~218 cm1 after annealing at 80 or 160 min.
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Figure 4.11 Raman spectra for isothermally annealed (a) 1.5Ge:ITO and (b)
0.4Ge:ITO samples at 550 °C.
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Figure 4.12 Raman spectra for isothermally annealed 0.4Ge:ITO at (a) 310 °C and
(b) 425 °C.
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4.3.3 Comparison of Ge:ITO and Ge:ZnO Raman spectra
A comparison of the Raman spectra produced from equivalently heat treated and
assembled Ge:TCO is shown in Figure 4.13. Again, the presence of broad peaks from
325 and 650 cm-1 are visible for Ge:ITO, with amorphous Ge indicated at 270 cm-1 for
1.5Ge:ITO, while a sharp peak at 298 cm-1 corresponding to crystalline Ge evolves for
0.4Ge:ITO annealed at 550 °C.

The GeOx resonance increased in strength after

annealing at 550 °C for both Ge:ITO composites.
The vibrational evolution of Ge in the ZnO-based samples (both 0.4Ge:ZnO and
1.5Ge:ZnO) was similar to that observed in the corresponding specimens based on ITO.
In this case, the sharp, crystalline Ge resonance at 298 cm-1 after annealing at 550 °C,
was clearly observed in 1.5Ge:ZnO (Figure 4.13b).

Higher frequency resonances

associated with the ZnO phase are also apparent. The most dominant spectral feature
occurs near 580 cm-1 and corresponds to strained ZnO bond structures near grain
boundaries [166]. With annealing, increased scattering intensities for resonances in the
400–500 cm-1 spectral range were observed, consistent with the grain development in the
polycrystalline ZnO phase and the increased contribution from vibrational features
associated with bulk ZnO material [166]. The refinement in crystallinity of the ZnO
observed in the Raman study with annealing is also consistent with the electron
diffraction results described earlier (Figure 4.3b and d). Note that these ZnO vibrational
features occur within the same frequency span as the GeOx resonances observed for the
ITO-based composites, limiting the potential to observe contributions from Ge-oxide-
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based resonances in these films.
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Figure 4.13 Raman spectra of (a) Ge:ITO and (b) Ge:ZnO nanocomposites.

4.4

X-ray photoelectron spectroscopy
Continued analysis of the chemical bond environment between Ge and TCO

phases was performed with x-ray photoelectron spectroscopy (XPS). With the use of Ar
ion milling, a depth profile of the specially fabricated tri-layer samples (specific design
detailed in Section 3.3.4) can provide insight into the evolution of chemical and bonding
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environment in the near-interface region between the Ge and TCO. While the use of ion
milling is anticipated to damage the material structure and likely influence an accurate
assessment of the as-formed interface using XPS, the present study is intended provide a
more qualitative measurement of local bond environment, focusing on relative changes in
interfacial character with annealing. This depth profiling process was completed for
samples annealed at the same isochronal conditions as multilayer Ge:ITO and Ge:ZnO
nanocomposites.

This allowed the monitoring of differences in the local bond

environment of the Ge phase in relation to the selection of embedding matrix material.
A representative Ge 2p spectrum obtained from the XPS is shown in Figure 4.14.
The higher intensity Ge 2p3/2 signal, which was used to perform analysis of peaks using
Gaussian fitting to compute peak areas, corresponds to a binding energy of 1217 eV,
while a shift in the binding energy associated with a chemical change in the local bond
environment produced a peak at 1220 eV. This value was identified as GeO2 using the
Handbook of X-Ray Photoelectron Spectroscopy [167] as well as other literature sources
[168,169]. Additional broad peaks centered at 1234 and 1264 eV are associated with
shake-up satellite peaks which results from another bound electron being excited at the
same time as the emission of a photoelectron, reducing its energy as detected by the
energy analyzer. This causes the binding energy of the emitted photoelectron to appear
higher than those directly associated with Ge and its oxides.
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Figure 4.14 Sample spectrum collected from the XPS measurement identifying Ge
2p3/2, Ge 2p1/2 and the peaks corresponding to Ge and GeO2.

4.4.1 Peak area analysis of isochronally annealed Ge:ITO and Ge:ZnO XPS
specimens
The results of metallic Ge and Ge-O 2p3/2 peak area analysis as a function of
milling time for Ge:ITO are provided in Figure 4.15. Milling rates for these samples are
approximately 4 Å/min for Ge:ZnO and 2.5 Å/min for Ge:ITO, however, given limited
control over ion current used for milling, spectra will be presented with respect to milling
time to study qualitative changes in behavior. The peak behavior and extent observed in
the data with respect to milling time is associated with the thickness of the Ge layer in the
experimental tri-layer structure. The onset of increasing peak area appearing at low
milling time is associated with the point where the ion mill first enters the interfacial
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region. In the same manner, the onset of decreasing peak area at higher milling time is
the point where sufficient etching has occurred to approach the second interfacial region
within the sample.
The peak area of metallic Ge was observed to be particularly high in relation to
Ge-O when approaching the interface for as-deposited samples (Figure 4.15a). A relative
increase in the Ge-O peak area on both interfacial sides of the metallic Ge phase is
observed in specimens annealed at 310 °C for 5 mins. Annealing at 425 °C exhibits a
reduction in the Ge peak area by around half concurrent with an increase in the presence
of Ge-O at the interfaces as shown in Figure 4.15c.

Further annealing at 550 °C

completely eliminates the presence of a metallic Ge signal (Figure 4.15d), as detected
from this measurement, with only Ge-O remaining with further annealing into the Ge
phase. These results suggest an effective growth of an oxide interfacial layer with an
increase in the annealing temperature for Ge:ITO composites, an interpretation also
supported by the Raman study (Figure 4.10).
Depth profile analysis of the same Ge and Ge-O 2p1/2 peaks was additionally
performed on similarly annealed Ge:ZnO tri-layer specimens, with the results provided in
Figure 4.16. In this case, the Ge peak area remains significantly larger than Ge-O at the
interface for as-deposited samples as well as those annealed at 310 and 425 °C. The
development of a Ge-O interfacial oxide appears to be delayed for Ge:ZnO, as noted by
the similar relative peak area magnitude of these signals close to either side of the GeTCO interface. Retention of the peak after annealing at 550 °C, may indicate that an
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Figure 4.15 Depth profile analysis of Ge and Ge-O 2p1/2 XPS peak areas for Ge:ITO
samples (a) as-deposited, (b) annealed at 310 °C, (c) 425 °C and (d) 550 °C.
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Figure 4.16 Depth profile analysis of Ge and Ge-O 2p1/2 XPS peak areas for
Ge:ZnO samples (a) as-deposited, (b) annealed at 310 °C, (c) 425 °C and (d) 550 °C.

140

oxidation process is less pronounced in these ZnO systems. This is consistent with
limited visibility of GeOx peaks seen in the Raman studies of Ge:ZnO.

4.5

Optical absorption
Studying the changes in optical properties within Ge:TCO nanocomposites,

specifically optical absorption and the optical band gap, is a useful method of
determining the presence of quantum confinement effects on the electronic structure as
well as the overall absorption potential of the nanostructured material if used in the
context of PV. Optical absorption measurements were performed on several samples to
determine the effect of heat treatment (and resulting modifications in nanostructure) on
optical properties of the composites. A combination of transmittance and reflectance
measurements was used to produce an absorption coefficient spectrum. This, in turn,
facilitated Tauc analysis, providing the effective optical band gap of the films.

4.5.1 Optical absorption of isochronally annealed Ge:ITO
4.5.1.1 Overview of observed spectral features
For comparison, spectra of single phase as-deposited ITO, ZnO and Ge at
thicknesses of 500 nm are shown in Figure 4.17. The results of annealing 1.5Ge:ITO and
0.4Ge:ITO samples at 550 °C are shown in Figure 4.18(a) and (b), respectively, with
comparison to similarly annealed single phase ITO films to provide a preliminary
analysis of heat treatment effects on the composites. In general, the nanocomposite
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materials exhibited a clear transmission window (i.e. low absorbance range) defined by a
high-energy absorbance onset and a transmission edge in the infrared. The location of
the window was dependent upon both the initial multilayer design and thermal annealing.
Accompanying the behavior of the UV-absorption onset, specimens containing
Ge also showed an abrupt transmission drop (absorbance increase) in the near-IR region.
Moreover, the energy of the near-IR transmission edge in the multicomponent films was
consistently higher than similarly treated, single-phase ITO specimens. The reduction in
infrared transmission observed in Ge:ITO specimens is attributed to carrier plasma
resonance-induced reflection associated with a thermally stimulated carrier population
arising from the Sn dopant.
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Figure 4.17 Absorbance response of single phase ITO and single phase Ge films at
500 nm thicknesses
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Figure 4.18 UV-visible absorbance spectra for: (a) 0.4Ge:ITO nanocomposites and
(b) 1.5Ge:ITO nanocomposites before and after heat treatment at 550 °C for 5 mins.
ITO-only annealed film spectra are provided for comparison.
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4.5.1.2 Detailed analysis of spectral regions
The results of 1.5Ge:ITO and 0.4Ge:ITO in a more detailed isochronal study are
shown in Figure 4.19 and Figure 4.20 respectively, where a thickness of 1.76 m is
utilized in 0.4Ge:ITO samples to maintain an amount of Ge within the beam path
equivalent to the content in 1.5Ge:ITO samples. Generally, the UV-absorption onsets of
1.5Ge:ITO specimens are at lower energies than similarly treated 0.4Ge:ITO (Figure
4.19a and b respectively) specimens. 5-min thermal treatments at higher temperatures
generally shift the absorption onset to higher energies (blue-shift) compared to the asdeposited film, with the exception of the 250 °C anneal specimens that exhibit no
modification in absorption spectrum in this wavelength range.

A blue-shift in the

absorbance onset (approximately 0.3 eV) is noted for the 0.4Ge:ITO specimens (Figure
4.19a) when the annealing temperature is 310 °C. A similar shift of the absorption onset
is apparent in 15Ge:ITO specimens only after annealing at 550 °C, as shown in Figure
4.19a.

The 4Ge:ITO composite, after the same 550 °C treatment, has a greatly

diminished visible light absorbance and the absorption onset is blue-shifted by about 1
eV. Here the absorbance associated with the ITO phase (Eg ~ 4.1 eV) is also apparent.
Figure 4.20a and b shows representative absorbance spectra in the near-infrared
spectral region for the 0.4Ge:ITO and 1.5Ge:ITO as-deposited and thermally treated
composite films, respectively.

In this case, the absorption from samples of similar

thickness (500 nm) is compared. These specimens show that the near-IR transmission
edge shifts to higher energies upon annealing.

The association of the near-IR
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transmission edge feature with ωp is supported by Figure 4.20c that shows a square-root
dependence between the frequency of the effective zero-transmission point obtained in
the optical spectra and the electron carrier concentration (ne) measured via the Hall-effect
(discussed further in Section 4.6). This general behavior can be attributed to improving
ITO crystalline quality with annealing, as observed with XRD in Figure 4.9b.

4.5.2 Optical absorption of isothermally annealed Ge:ITO
In order to gain additional insight into the evolution of the Ge nanophase and its
impact on optical behavior, a series of isothermal heat treatments was performed on
1.5Ge:ITO and 0.4Ge:ITO at 550 °C with results provided in Figure 4.21 and Figure
4.22. A consistent blue-shift progression in absorption onset is observed in a 1.5Ge:ITO
sample annealed, where the onset energy shifts to 800 nm (1.55 eV) after annealing up to
160 mins. It can also be noted that the free-carrier plasma resonances in this case do not
vary in the same magnitude as compared to those identified in Figure 4.18b and instead
remain fairly consistent throughout the annealing series. The 0.4Ge:ITO specimen, in
contrast, exhibits changes in the plasma resonances that are similar in trend to Figure
4.20b, while the onsets associated with higher energies are again blue-shifted up to the 20
min annealing time. When the specimen was treated for longer times than 20 mins, the
absorption became due mainly to that of ITO and no further changes in this energy
regime was detected.
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Figure 4.19 Absorption spectra of isochronally heat treated (a) 1.5Ge:ITO (500 nm)
and (b) 0.4Ge:ITO (1.76 μm).
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4.5.3 Optical absorption of isochronally annealed Ge:ZnO and comparison to
Ge:ITO composites
From the previous data shown, a consistent blue-shift of the high energy
absorption onset due to heat treatment is clearly correlated with marked a modification of
the nanocomposite microstructure (see Nanostructural analysis above, Section 4.1).

A

comparison of the optical absorption with respect to a variation in TCO chemistry
between ITO and ZnO further allows investigation of the interfacial effects on optical
behavior of these nanocomposites.
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Figure 4.21 Absorption spectra of a 1.5Ge:ITO sample annealed from 5 to 160
mins.
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Figure 4.22 Absorption spectra of a 0.4Ge:ITO sample annealed from 5 to 40 mins.

The data for an isochronal study comparing both 0.4 nm and 1.5 nm Ge in both
ITO and ZnO matrix materials are shown in Figure 4.23 and Figure 4.24. No significant
plasma resonance effect was observed in the ZnO-based specimens within the spectral
range examined, consistent with the limited concentration of free carriers anticipated in
this intrinsic (undoped) semiconductor. It is clear from both and Figure 4.23 and Figure
4.24 that, under the isochronal annealing conditions used, the Ge:ITO composites
exhibited a more significant blue shift in onset position than that of the ZnO-based
composites subjected to identical anneals. This difference observed in optical absorption
behavior is in contrast to the consistent Ge nanostructure observed between Ge:ITO and
Ge:ZnO (Section 4.1.3). The absorption onset moved from approximately 1000 nm (1.24
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eV) to 700 nm (1.77 eV) upon annealing up to 310 °C with no significant additional
shifts observed after annealing at higher temperatures. Within the 1.5Ge:ZnO samples,
the absorption onsets were also found to blue shift from about 1200 nm as-deposited, to
1100 nm (1.13 eV) at 310 °C, 1000 nm at 425 °C, and 900 nm at 550 °C. Samples of
0.4Ge:ZnO displayed slightly higher onset energies under lower temperature annealing
conditions than those observed for the corresponding 1.5Ge:ZnO specimens, e.g.
exhibiting an absorption onset around 1100 nm as-deposited and near 1000 nm when
annealed at 310 and 425 °C. The final onset position was found near 900 nm after the
550 °C anneal. Thus, the as-deposited 1.5Ge:ZnO films, as well as those annealed at 310
and 425 °C, displayed slightly lower onset energies relative to Ge:ITO composites based
on the 0.4 nm Ge layer/deposition cycle design.
1.5Ge:ZnO exhibited very similar behavior at 550 °C.

In contrast, both 0.4Ge:ZnO and
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Figure 4.23 Optical absorption comparing 0.4 and 1.5 nm Ge thicknesses in Ge:ITO.
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Figure 4.24 Optical absorption comparing 0.4 and 1.5 nm Ge thicknesses in
Ge:ZnO.
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4.5.4 Calculation of optical band gap with Tauc analysis
The Tauc analysis in the current study has been pursued to provide a more
quantitative indicator of spectral absorption modification. Given the anticipated sizedependent nature of the energy level structure in the semiconductor, the absorption
features observed from the composites will necessarily be inhomogeneously broadened.
However, such an analysis of overall band edge location will allow nanostructuremediated changes in absorption behavior to be more closely examined.
With these considerations in mind, the corresponding (h )1 / 2 versus h Tauc
plots are provided in Figure 4.25. It has been assumed that the band edge behavior in this
case arises from the Ge phase and that it can be described in terms of an indirect gap
system [170,171]. Linear fits to the resulting plots are shown for Ge:ITO and Ge:ZnO in
Figure 4.25a and b, respectively.
The optical band gap energies, obtained by linear extrapolation to the energy axis
for the as-deposited 0.4Ge:ITO and 1.5Ge:ITO specimens, are 1.33 eV and 1.2 eV,
respectively. A marked curvature in the plots observed for the annealed, ITO-based
samples is associated with the increased spectral contribution from the plasma resonance
of the ITO as this feature blue shifts with increasing ITO crystalline quality and freecarrier density (see discussion above).

Under these conditions, the ITO spectral

contribution is considered to distort the spectral character of the Ge-related absorption
edge. Therefore, no linear fit was attempted for these samples.
The corresponding Tauc plot analysis for the 0.4Ge:ZnO composites returned a
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0.7 eV increase in the optical band gap after heat treatment, shifting from 0.5 eV in the
as-deposited case to 1.2 eV after annealing at 550 °C.

Under the same annealing

conditions the 1.5Ge:ZnO films exhibited an increase in bandgap energy of 0.56 eV,
moving from 0.69 eV (as-deposited) to 1.25 eV (550 °C, 5 min anneal). In general, the
as-deposited Ge:ITO band gap energies are larger than those for the as-deposited Ge:ZnO
samples, a trend consistent with the more qualitative observations made from the
absorbance onsets observed in Figure 4.23 and Figure 4.24.
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Figure 4.25 Tauc analysis of (a) Ge:ITO and (b) Ge:ZnO specimens with a fit
(dotted line) to the linear portion extrapolated to the energy axis
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4.6

Electrical properties
4.6.1 Room temperature Hall Effect of Ge:ITO
Average values for the room temperature Hall-effect parameters of composite

ﬁlms are provided in Figure 4.26. The carrier transport properties measured from singlephase ITO ﬁlms are also included.

When comparing the results obtained for the

0.4Ge:ITO and 1.5Ge:ITO ﬁlms, it is clear that nanocomposite specimens annealed at the
same temperature have very similar electrical properties, despite the different asdeposited Ge layer thicknesses. Figure 4.26a depicts carrier concentrations, neGe:ITO and
neITO, of the Ge:ITO composite and single-phase ITO ﬁlms, respectively, processed at the
various temperatures. It is observed that nanocomposite ﬁlms with the incorporated Gephase have larger free carrier concentrations than those obtained for similarly treated
single-phase ITO specimens. Notably, neGe:ITO values are consistently about twice the
neITO values when comparing ﬁlms processed at the same temperature.
In contrast, Hall mobilities (Figure 4.26b) of the composite ﬁlms (μeGe:ITO) are
signiﬁcantly lower than the mobilities measured for single-phase ITO ﬁlms (μeITO). In
this case, the μeITO values remain relatively constant (around 30 cm2/(V s)), while
mobilities in the nanocomposites decrease with increased annealing temperature. The asdeposited composite specimens have mobilities (μeGe:ITO = 23 ± 3 cm2/(V s)) that are
reduced by nearly 50% after annealing at 550 °C. The contrasting behaviors of the
carrier density and mobility with annealing produce Hall resistivities (Figure 4.26c) for
the nanocomposite ﬁlms that are generally within the range of the annealed single-phase
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Figure 4.26 Results from Hall-effect measurements of 0.4Ge:ITO (squares),
1.5Ge:ITO (circles) and single-phase ITO (triangles) films; (a) electron carrier
concentrations, (b) mobility values and (c) resistivities.
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ITO ﬁlms generated in this study (1–7) × 10−4 Ω-cm. This is despite the nanostructural
changes that occur with annealing, as seen previously in Section 4.1.

4.6.2 Room temperature Hall effect of Ge:AZO
In order to probe the electrical properties contained in Ge:ZnO composites, the
addition of a small, 2 wt. % aluminum dopant (Al-doped ZnO, AZO) was used to provide
thermal carriers for electrical property measurement. Nanocomposite specimens with
AZO as the TCO phase were deposited and annealed under identical conditions to those
based on intrinsic ZnO as the TCO. These Ge:AZO samples were used for the Hall
Effect studies.
The results for 500 nm thick Ge:AZO samples are shown in Figure 4.27 where,
again, electrical properties measured at various annealing temperatures exhibit similar
values independent of as-deposited Ge layer thicknesses.

In this case, carrier

concentration values observed for the nancomoposites in Figure 4.27a are more
comparable to single phase AZO, with some deviation between 0.4Ge:AZO and
1.5Ge:AZO when annealed at 425 °C (a difference of 3.2 × 1020 cm-3).
Mobility values for as-deposited and heat treated composites are close to a
constant of around 8 cm2/(V s)) (Figure 4.27b), also similar to the behavior observed for
single phase AZO, with the exception of a temporary increase in mobility to 19 cm2/(V s)
for the single phase films annealed at 425 °C. The generally low mobility values
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indicated here, as well as a lower carrier concentration, now produce films with
resistivities larger than those seen in Ge:ITO. Difficulty in obtaining proper ohmic
contacts to composites annealed at 550 °C is attributed to the particularly high resistivity
seen here for single-phase AZO films also annealed at 550 °C.
Comparison of mobility behavior between Ge:ITO and Ge:AZO composites
provides useful information about the differences in potential impact of interface
scattering within these systems.

It was noted that while Ge:AZO (or, effectively,

Ge:ZnO) shows very little effect of anneal on the carrier mobility, Ge:ITO exhibits a
significant decrease with annealing temperature. The correlation of constant mobility
values with the limited GeOx Raman resonances and a delayed response of the blue-shift
in high energy absorption onset observed for Ge:ZnO implies a variation of the interfacial
structures present in these composites.

4.6.3 Temperature-dependent Hall effect
To provide some insight into potential sources of carrier scattering within the
nanocomposite a series of temperature-dependent Hall effect measurements was
performed for Ge:ITO as well as Ge:AZO. The results for single phase ITO and AZO are
shown in Figure 4.28a and b, respectively. ITO films annealed at 310 °C produced the
lowest mobility values with no significant temperature dependence. Similar values of
mobility are observed between as-deposited ITO films as well as those annealed at 425
°C and exhibited a 12.5% decrease with an increase in temperature (Figure 4.28a). The
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ITO film annealed at 550 °C contained the highest mobility values with a decrease in
about 14% with respect to increasing temperature. In all three cases of ITO as-deposited
as well as those annealed at 425 and 550 °C, the mobility is constant for temperatures
below 150 K. At temperatures higher than 150 K, the mobility exhibited a μ  T-1
dependence. In contrast, mobilities measured in single phase AZO films did not show
significant temperature dependence, displaying generally low values of around 7-10
cm2/(V s)., with samples annealed at 425 °C containing the highest value at ~ 20 cm2/(V
s).
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Figure 4.28 Temperature-dependent Hall effect measurement of carrier mobility in
500 nm single-phase (a) ITO and (b) AZO.

Representative carrier mobilities measured for Ge:ITO and Ge;AZO composite
specimens are shown in Figure 4.29. Within the collection of 1.5Ge:ITO samples (Figure
4.29a), as-deposited films exhibited the highest mobilities, while annealing at
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temperatures higher than 310 °C significantly reduces the mobility, with values of the
same order and independent of annealing temperature.

These display a very weak

dependence on temperature, with the as-deposited 1.5Ge:ITO, in this case, displaying T-1
dependence at temperatures higher than 150 K.
Figure 4.29c shows the results for 0.4Ge:ITO, also with as-deposited behavior and
mobilities very similar to as-deposited 1.5Ge:ITO. However, mobility does not degrade
with annealing and remains at values close to the as-deposited specimen. These also show
more significant dependence with temperature on the order of T-1. Carrier mobility
within Ge:AZO nanocomposites (Figure 4.29b and d) displayed no dependence on
temperature with values on the same order are the single phase films.
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Figure 4.29 Temperature-dependent Hall effect measurement of carrier mobility in
(a) 1.5Ge: ITO, (b) 1.5Ge:AZO, (c) 0.4Ge:ITO and (d) 0.4Ge:AZO.
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4.6.4 Photoconductivity
The photoconductive response of composites was examined with illumination of
the sample in a four-point-probe sheet resistance measurement system. Of signiﬁcance
for optoelectronic applications is the observation of photoconductivity in the 550 °C
0.4Ge:ITO specimen. The photoactivated reduction in resistivity is 7.8 ± 2.3% after
prolonged optical exposure. The normalized sheet resistance is shown as a function of
illumination time in Figure 4.30. The photoexcitation illumination energy (2.6 eV) was
chosen because it was within the transparency region of single-phase ITO, but within a
spectral range associated with Ge absorption.

Additionally, it is observed that the

reduced resistivity (increased conductivity) is retained upon removal of the excitation
light.

This persistent photoconductivity (PPC) lasts for hours, with the initial dark

resistivity recovering in a time-frame of about 10 h. The PPC effect is demonstrated in
the inset of Figure 4.30 which shows the normalized resistance of a similar sample with
illumination on for 30 min and off (dark conditions) for 30 min (as noted by the arrows).
No other composite specimens, nor single-phase ITO ﬁlms (Figure 4.30), show a
photoconductive response using identical illumination conditions.
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Figure 4.30 Measured sheet resistances of 0.4Ge:ITO and single-phase ITO films
annealed at 550 C for 5 mins (normalized by respective dark resistances) as a
function of illumination (475 nm, 35 mW/cm2) time. The inset shows a plot
generated from a similar 0.4Ge:ITO specimen with the illumination turned off after
1800 s (30 mins) and then measured in the dark.
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CHAPTER 5

DISCUSSION

5.1

Nanostructure
Using the sequential RF-sputtering deposition technique, a Ge nanophase can be

incorporated into a TCO embedding medium with the initial layer structure formed
during deposition clearly serving as a framework for the formation of a Ge nanocrystal
ensemble phase upon thermal treatment. Moreover, the absolute exposure time used for
the Ge deposition produces a starting local concentration of amorphous Ge for
subsequent crystallization that, in turn, influences the size, volume fraction, spatial
distribution and overall morphology of the resulting Ge nanocrystallites.

In the

0.4Ge:TCO films, the as-deposited Ge layers are not expected to be completely
continuous, as layer growth is interrupted by subsequent TCO deposition, with the
growth of the Ge layer expected to have proceeded from nucleated islands (Section
2.4.1). Composites produced using longer Ge layer deposition times (i.e. 1.5Ge:TCO)
are expected to form larger islands and a more continuous 2-D Ge layer. Decreased
dimensionality (e.g. from 2-D (layers) to 0-D (islands)) allows access to quantum
confinement conditions which increases the energy gap of the nanophase.
An examination of the comparative TEM images (Figure 4.3 and Figure 4.4)
confirms that, while the grain structure of the ZnO is significantly more developed than
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ITO specimens subjected to identical annealing treatments (as seen in SAED (Figure
4.7)), the spatial extent of the Ge phase in either system is largely consistent. An
elongated morphology of with an average minor (out-of-plane) dimension of 1 nm for
0.4Ge:TCO films and 2 nm for 1.5Ge:TCO materials while the major (in-plane)
dimension averaged 4 nm within 0.4Ge:TCO and 6 nm within 1.5Ge:TCO
nanocomposite films.

Though some inter-diffusion of the layers at the interface is

expected using RF-sputter deposition, the solubility of Ge in ITO or ZnO is expected to
be low (reported limits are < 0.5 mol % for Ge in In2O3 [172] and 0.7 mol % for Ge in
ZnO [173]) indicating only limited potential for incorporation of Ge into the TCO lattice
near Ge phase regions of the as-deposited nanocomposite structure.
Comparing Figure 4.1 to the respective as-deposited films indicates that the
primary differences in image contrast are attributable to the crystallization of the ITO
phase as well as the grain development of polycrystalline ZnO, both of which were also
confirmed via XRD (Figure 4.8 and Figure 4.9).

In general, it is observed that

incorporation of Ge in ITO hindered significant matrix grain growth when annealing at
550 °C (see Figure 4.1 and Figure 4.4), producing 12-15 nm grain sizes which are on the
order of the as-deposited TCO layer thickness (15 nm). This is in comparison to larger
grains present in Ge:ZnO (20-23 nm after annealing at 550 °C), indicating a higher
propensity of the evolving ZnO grain structure to penetrate the Ge nanophase region.
Considering similar Ge domain sizes between the two composites and contrasting grain
development of the matrix phase, the differences in the high energy absorption onset
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observed between ZnO and ITO-based films are interpreted as being dominated by
variations in the Ge-TCO interface in each case. Thus, establishing the contribution of
embedding matrix chemistry and Ge nanophase assembly on the nanocomposite
microstructure is critical to understanding the potential influence of interfacial structures
on absorption onset energies and the corresponding optical band gap.
Within the planar view of these composites annealed at 310 °C, the separated
appearance of the Ge phase in 0.4Ge:ITO (Figure 4.2a) compared to the absence of
comparable “break-up” of Ge contrast in 1.5Ge:ITO (Figure 4.2c) supports the strong
dependence of initial phase assembly on Ge domain size and morphology. It is seen that
annealing of Ge:ITO composites induces initial crystallization of ITO, even at low
temperatures (Figure 4.1). This effect of matrix crystallization also occurs with different
nanostructural modifications of the Ge nanophase morphology.
Comparing the micrographs of the 0.4Ge:ITO composite (Figure 4.1e) to that of
the 1.5Ge:ITO specimen (Figure 4.1f), thinner layers developed smaller, more spatially
isolated Ge domains, while thicker layers retain a more interconnected appearance. It is
expected that only the initial stages of the Ge morphological development are being
accessed during the short annealing times used, in conjunction with expected ITO
crystallization. While observation of these Ge nanocrystals in 0.4Ge:ITO annealed at 550
°C becomes increasingly difficult within plan-view TEM specimens, this is, in part, due
to the significant ITO grain development with improved crystallinity (Figure 4.2b). In
this context the thinner Ge layers (0.4Ge:ITO), aided by ITO crystallization, require less
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time and lower annealing temperatures for the development of interfacial structures to
spatially isolate the Ge into quantum dot or disk-like morphologies within the embedding
ITO layers.
For 1.5Ge:ITO, the elongated Ge structures seen in cross-sectional films of
1.5Ge:ITO annealed at 550 °C correlate well with the discontinuous nature of the Ge
nanophase morphology observed in plan-view (Figure 4.2d). Particles appearing in close
proximity with a mixture of spherical and extended length particles in plan-view
additionally support the existence of interconnected Ge domains for samples produced
with thicker Ge layers.
Fitting of SAED patterns using the PCED simulation software allowed an
additional aspect of phase confirmation to be performed for Ge:TCO composites. The
anticipated SAED pattern for ITO appeared to contain many diffracted rings (Figure 4.6),
indicating the appearance of several grain orientations, which also matched to the
experimentally obtained diffraction pattern as well as the results within XRD
measurements. In this respect, observation of an isolated crystalline Ge phase is difficult.
However, this behavior of limited grain growth can infer that there is only partial impact
of the matrix crystallization on the Ge nanophase structure in Ge:ITO composites.
TEM imaging of composites containing ZnO displayed, in general, larger grain
sizes and fewer grain orientations than ITO with annealing, which correlated with fewer
diffracted rings observed in the simulated and experimental SAED pattern (Figure 4.7).
This indicates more significant effect of matrix grain growth on the semiconductor
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nanostructure compared to composites containing ITO. In addition, the matching of the
Ge (111) phase present within Ge:ZnO indicates the presence of crystalline Ge. This
confirmed the presence of crystalline Ge within these composites, the peak for which was
not readily observed in XRD analysis.

5.2

X-ray diffraction
The amorphous, as-deposited ITO phase crystallized upon annealing at

temperatures at or exceeding 310 °C (Figure 4.8) which agrees with the reported
crystallization temperature (Tc) of single-phase RF-sputtered ITO films [174]. Singlephase, a-Ge thin films deposited on fused silica at thicknesses of ~300 nm do not readily
crystallize at this temperature [175] and limited anneal time. However, in the case of the
currently studied composites, partially crystalline as-deposited Ge, which is not within
detectable XRD limits, is possible.

Therefore, this may impact the effective

“crystallization temperature” of Ge observed within TEM as well at the results observed
using XRD.
Additionally it is noted that crystallization temperatures (Tc) less than the bulk
have been widely reported when an a-(Ge or Si) phase is annealed in contact with a metal
(e.g. Cu, Ag, Au, or Pb) [176–178]. “Metal-induced” crystallization is often attributed to
the development of more mobile (“liquid-like”) semiconductor atoms at the metallic
interface. In one detailed study, for example, it was found that Au interstitials at the
interface weaken the covalent bonds in a-Si by increasing the number of nearest
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neighbors Si atoms, thereby lowering the activation energy to allow a diffusion process
and the reconstruction of the diamond lattice to take place at a low temperature of about
100 °C [176]. A reduced Tc has not been previously reported for a-(Ge or Si) in contact
with a metal oxide and requires further evaluation. The coincidence of the detectable
ITO and Ge crystallization, however, does suggest that changing interfacial energies,
wherein thermodynamics related to the nucleation and growth of crystalline Ge at the
interface, may contribute to this process [177]. The increased intensity of the Ge (111)
reflection in the XRD patterns suggests an increased c-Ge phase within the composites
coincident with improved Ge crystallinity.

5.3

Raman analysis
Raman analysis provides insight into the amorphous-to-crystalline Ge phase

development with thermal treatment in addition to resonances associated with the GeTCO interface not observed with XRD. It is widely reported that c-Ge has a narrow
resonance peak, located near 300 cm-1 [179], which corresponds to an optical phonon
mode of the semiconductor lattice. With a-Ge, the corresponding Ge-Ge vibrational
mode is typically broader and the peak is shifted to approximately 270-275 cm-1 [180]. It
is noted that, while indium oxide Raman shifts have been previously evaluated [181], the
resonances were anticipated at 144 and 175 cm-1 and so were outside the spectral range
accessed in the present study. Additionally, given the large interfacial area present in
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these nanoheterogeneous materials, analysis of the vibrational spectra provides insight
into the nature of the Ge:ITO interface and its evolution with thermal treatment.

5.3.1 Isochronally annealed Ge:ITO nanocomposites
The Raman spectra of the as-deposited composite films used for this analysis
(Figure 4.10a and b) exhibit broad peaks centered around 238 and 264 cm-1 (0.4Ge:ITO
and 1.5Ge:ITO specimens, respectively). It is suspected that the Raman peaks are shifted
to lower wavenumbers because of contributions to the vibrational spectrum from Ge
structures near or at the Ge:ITO interface. It is noted, for example, that the 1.5Ge:ITO
as-deposited spectrum (Figure 4.10b) is very similar to a Raman spectrum collected from
an a-Ge:silica (13 Å: 22 Å) multilayer composite [182]. In that study, the authors also
varied the Ge layer thickness (from 138 to 8 Å) and observed inhomogeneous broadening
of a spectral peak at 267 cm-1. The increased relative intensity of scattering at lower
wavenumbers (200-250 cm-1) compared to the spectral tail (400-800 cm-1) (called
“broadening” in that work [182]) was attributed to an increased distribution of Ge bond
angles (disorder) as the Ge layer thickness is decreased, increasing the relative
contribution of interfacial structure to the spectra. The behavior was thus attributed to a
mixed interfacial layer.
Similarly, though the matrix phase is different in the present work (i.e. ITO vs.
SiO2), a mixed-component interfacial layer is also expected in the present system.
Considering that the atomic masses of In and Sn are greater than Ge, any interfacial
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alloying with these atoms would be expected to result in lower energy vibrational modes
associated with the Ge-phase (e.g. Raman studies of Ge-Sn alloys [183]). In this case,
the vibrational signature associated with the Ge phase in the nanocomposite 0.4Ge:ITO
films is anticipated to be most affected by interfacial effects due to the larger surface area
to volume ratio in these specimens. Such an interpretation is consistent with the red-shift
in vibrational resonance energy associated with the Ge phase observed in the 0.4Ge:ITO
spectra (more discontinuous Ge-phase structure) when compared to that of the 1.5Ge:ITO
films (more interconnected phase structure).
Also apparent in the Raman spectra, and especially prevalent in 0.4Ge:ITO
specimens, are broad, higher energy (325-650 cm-1) resonances. The Raman spectrum of
bulk GeO2 glass previously measured by others [165,184] is shown at the bottom of
Figure 4.10a. Raman signatures of Ge-O-Ge stretches in the oxide glass include a main
peak located at 420 cm-1, a shoulder at 520 cm-1, and modes between 500-600 cm-1
associated with the symmetric stretches of bridging oxygens in 6-membered rings, a
defect (D2) assigned to the breathing motion of oxygen in 3-membered rings, and bending
modes, respectively. Related studies [185] have shown that pressure-quenched germania
has permanent structural defects in the glass network that can modify the annealed glass
vibrational structure. In this case, there is a reduction in the contribution from the main
peak (420 cm-1) and increased contribution of the D2 peak at 550 cm-1. This is consistent
with the analysis of Raman spectra from the nanocomposites generated in this study
which exhibit a resonance structure at 452 cm-1 and a shoulder at 551 cm-1. Raman
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scattering in this spectral region (between 325-650 cm-1) is, therefore, assigned to the
presence of strained bonds associated with germanium oxide (GeOx) formation. The high
spatial correlation between Ge and oxygen (from the ITO matrix) at the interface between
the two phases and the greater relative strength of these oxide-related features in the
0.4Ge:ITO films compared with the 1.5Ge:ITO specimens supports an interpretation of
oxide formation at the Ge:ITO interface.

5.3.2

Isothermally annealed Ge:ITO composites

The primary processes that contribute to the evolution of the Ge nanophase in
these nanocomposite thin films are crystallization (of both ITO and Ge) and interfacial
structure development (via atomic rearrangement and oxidation). Given the inherent time
dependence of these thermally activated processes, studies were conducted on specimens
subjected to different isothermal annealing times to investigate the relative rate of
evolution of nanostructural characteristics at different treatment temperatures.
These results show that a 0.4Ge:ITO specimen subjected to a longer annealing
time (80 min) at 310 °C (Figure 4.10a) exhibits a Raman spectrum that is nearly identical
to that of the corresponding 0.4Ge:ITO specimen annealed for only 5 min at the same
temperature. The similar responses seen for these samples, independent of annealing
time, suggest that while initial modification of film crystallinity is introduced after
annealing for 5 min (as compared to the as-deposited sample), this temperature provides
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limited access to crystallization of Ge as well as oxidation processes for further
development of Ge-ITO interfacial structures.
The same film type annealed at 550 °C for the 40 minute time period has a
substantially modified film nanostructure and associated Raman behavior compared to
the specimen held at 550 °C for only 5 minutes. The GeO x-attributed broad resonances
(325-650 cm-1) appear initially after anneal for 5 min, but exhibit a significant decrease in
intensity after subsequent anneal for 20 min or less. Comparatively, these particular
oxide resonances appear and remain when 0.4Ge:ITO composites are annealed at
temperatures of 310 and 425 °C. Examination of a gradual sharpening observed for the
low energy (238 cm-1) peak for 0.4Ge:ITO annealed at 425 °C (Figure 4.12b) with a
corresponding relative increase in the resonance intensity associated with GeOx after 4080 min reveals modification of both Ge crystallinity and interfacial development
occurring which was not observed for samples annealed at 310 °C within the same time
frame.
The delay in thermally mediated structural modification observed in 1.5Ge:ITO
specimens can be considered in terms of relative interfacial areas present in 1.5Ge:ITO or
0.4Ge:ITO composites. The more interconnected Ge phase anticipated in 1.5Ge:ITO
yields a lower Ge:ITO interfacial area than the corresponding 0.4Ge:ITO films. This
further suggests the contribution of the Ge-ITO interface in promoting crystallization and
related structural modification in the Ge phase.
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5.3.3 Raman study of Ge:ZnO nanocomposites
Comparison of Raman analysis performed for composites with a variation in TCO
material (Figure 4.13a and b) provides further compositional insight into potential
interfacial structures which are mediated by the embedding matrix chemistry. The broad
(325-650 cm-1) peaks previously attributed to GeOx are, again, observed for Ge:ITO
nanocomposites, particularly those annealed at 550 °C (Figure 4.13a). In contrast, these
oxide peaks do not appear for Ge:ZnO films and instead exhibit resonances associated
with the majority ZnO phase. The peak observed at 580 cm-1 for both 0.4Ge:ZnO and
1.5Ge:ZnO is attributed to strained Zn bond structures near grain boundaries.

The

resonances in the spectral range of 400-500 cm-1, the intensities of which are dominant in
0.4Ge:ZnO composites, are attributed to increased contribution from bulk ZnO
vibrational features. Appearance of bulk ZnO vibrational features prominent in the
0.4Ge:ZnO as well and the sharpening of these peaks indicates a higher propensity of
undisrupted grain growth when a lower exposure of Ge is used during initial phase
assembly. This is additionally supported by the refinement in crystallinity observed from
electron diffraction results and matching of the simulated polycrystalline ITO/ZnO
patterns (Section 4.1.4).

5.4

X-ray photoelectron spectroscopy
Use of Ar ion mill XPS depth profiling of Ge:TCO samples allowed analysis of

potential oxide formation at the interface of Ge-TCO. The design of a tri-layer film
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design facilitated isolation of 2-D interfacial areas for XPS studies of the local bond
environment of Ge. As such, isochronal annealing temperatures and times equivalent to
those used for multilayer designs were applied to tri-layer specimens so that results can
be comparable to the potential interfacial effects present in the original nanocomposites.
As observed, Ge:ITO composites exhibited higher relative amounts of Ge-O at
corresponding interfacial regions than those seen for Ge:ZnO. The interfacial oxide was
identified in this study as GeO2. For Ge:ITO, the initial presence and subsequent increase
of the oxide signal observed with annealing supports the presence of an oxide layer at the
interface within these composites. This is consistent with the GeOx resonances observed
in the corresponding Ge:ITO Raman analysis. The development of this interfacial oxide
is anticipated to promote enhanced carrier confinement within Ge, which is strongly
correlated to the observed blue shift in optical absorption measurements (see discussion
in Section 5.5).
XPS depth profiling performed for Ge:ZnO also indicated the formation of an
interfacial oxide.

However, growth of this oxide at a delayed rate for equivalent

annealing temperatures indicates limited carrier confinement of Ge within ZnO. This is
also consistent with limited observation of GeOx resonances in Raman spectra as well as
higher absorption onset energies compared to Ge:ITO nanocomposites.
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5.5

Optical properties
Based on the microstructure studies described above, and the corresponding

optical absorption measured, a clear correlation between the nanostructural characteristics
(connectivity, spatial extent) of the Ge-phase and its optical behavior is observed.
Quantum-size effects on the energy level structure of semiconductors and the associated
optical transition energies (e.g. band gap energy) have been well-documented by others
[186–192]. However, as mentioned in Section 2.7 the embedding ITO matrix is not
expected to provide significant energetic confinement for electrons in the conduction
band based on the electron affinities of the bulk phases: Ge (Ea,Ge = 4.13 eV) [151], ITO
(Ea,ITO = 4.1 eV) [152] and ZnO (Ea,ZnO = 4.35 eV) [153]. This is in contrast to previous
Ge:SiO2 composite work (Ea,SiO2 = 0.9 eV, Eg,SiO2 = 9 eV [193]) in which a large
confining potential is expected for both the photoexcited electron and the hole in the
semiconductor [111].

Though bulk valence band offsets for Ge, ITO and ZnO are

substantial, the conduction band energy barrier, based upon bulk electron affinity values
is minimal.
The structural situation in the nanocomposites of the present study, however,
involves a separate interfacial phase. As previously discussed in Section 5.3, study of the
Raman behavior, over the range of nanostructural variants accessed here, supports the
presence of an oxide layer at the Ge:ITO interface. The presence of such an interfacial
structure would serve as a low electron affinity (high band-gap) blocking layer,
modifying the local electronic structure at the interface over bulk-like behavior and
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serving to confine carriers within the Ge. The correlation observed between the Ge-phase
nanostructure and the high-energy absorption edge of the nanocomposites is therefore
consistent with the effects of carrier confinement, in this case due to the presence of the
oxide interface. The trends observed in the higher energy (near UV) optical absorption
onset with nanostructure can be explained in this context.
Qualitative trends in absorption behavior can be observed through examination of
the high energy absorbance onset. Comparing different thin film designs (i.e. different
absolute Ge sputtering exposure times used to generate the Ge layer during deposition),
the absorbance onset of the as-deposited 0.4Ge:ITO specimens are at higher energies than
the onset of identically processed 1.5Ge:ITO specimens (Figure 4.19a and b) This is
consistent with an increased energy gap associated with a smaller, more discontinuous Ge
phase observed for composites with the 0.4 nm Ge layer. Such an interpretation of the
as-deposited film behavior, however, must also infer the presence of an interfacial
structure (even before annealing) that would enhance carrier confinement.
The correlation between nanostructure and optical absorption edge position is
further illustrated in films annealed at 250 °C (Figure 4.19). In this case no change in
structure was observed via TEM or Raman spectroscopy and correspondingly the
absorption onset is unchanged.

Thermal treatments did produce blue-shifts in the

absorption onset if the thermal treatment is performed at a temperature sufficient to
influence the nanostructural morphology the Ge phase (as indicated by TEM and Raman
shown in Figure 4.1 and Figure 4.10, respectively).
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The lowest temperature observed to result in a blue-shift in absorption onset of
the 0.4Ge:ITO (Figure 4.19b) is 310 °C. While crystallization (see XRD in Figure 4.8) of
ITO and Ge may contribute to a reduction in structural defects and a general sharpening
of the absorption edge [194,195], the primary contributor to the blue shift in this case is
associated with the changing interfacial structure of the Ge-phase and its impact on
carrier confinement conditions within the film. Although the TEM micrograph (Figure
3c.) does not indicate a dramatic modification in the germanium phase assembly with
anneal at this temperature, the Raman analysis of these films does indicate the
development of resonances associated with the GeOx structure, confirming the increased
development of the associated interfacial oxide.
While more time-dependent thermal treatments and measurements are needed to
confirm this trend, it is likely that the consumption of the Ge during oxidation would also
tend to reduce the effective size of the confining volume available within the Ge
nanocrystal domain. Moreover, oxidation in regions bridging adjacent, larger Ge islands
could result in oxidation-induced breaks in the Ge phase, promoting a more
discontinuous Ge extended structure.

The lack of this abrupt change in geometry

(dimensionality) of the confining volume would explain why the absorption onset of the
1.5Ge:ITO specimen is not impacted by the identical thermal treatment at this
temperature (Figure 4.19a), even though an oxide of the same thickness is expected to
have formed. In this case the thicker initial, as-deposited Ge layers (1.5 nm Ge) require
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an increased extent of oxidation to fully severe Ge bridges between adjacent Ge phase
domains within the layer.
When annealed at 550 °C, the higher temperature also promotes significant solidstate diffusion of oxygen from the ITO into Ge at the interface, heavily influencing the
presence and growth of an interfacial oxide. The resulting, more dramatic break-up of
the Ge morphology (Figure 4.2) is accompanied by a large blue-shift in absorption onset
of the 0.4Ge:ITO specimen. This is consistent with the formation of isolated, carrierconfining regions producing a concomitant change in the electronic structure of the Ge.
The blue-shift is not as significant in the 1.5Ge:ITO specimens treated at this temperature
as a larger degree of continuity within the extended Ge phase assembly is retained in this
case.

5.6

Electronic and optoelectronic properties
5.6.1 Room temperature Hall Effect
The near-IR reflection edge observed in the optical absorption studies (Figure

4.20c) qualitatively agrees with the measured free electron carrier density of the
composite films. Within a Drude model framework [196], the relationship of ωp to ne is
given by: ωp2 = nee2/meε, where e, me, and ε is the charge of an electron, electron
effective mass, and material permittivity, respectively. Since the reflection onset is
proportional to the square root of neGe:ITO (the line in Figure 6c. represents an ideal carrier
density dependence), the Drude interpretation applies.
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The general trend of increasing n-type carrier density observed in both
nanocomposite and single-phase ITO specimens with thermal anneal is attributed to the
general improvement in crystallinity with heat-treatment (Figure 4.26) and a
corresponding reduction in defect trapping centers within the ITO. In this case, the
matrix material is expected to serve as the primary charge transport medium for the
composite. However, Figure 4.26a shows that the composite films have significantly
greater carrier concentrations than similarly treated single-phase ITO films. Germanium
is a known dopant of ITO or In2O3 [197,198]. While Ge atomistic donors have not been
ruled out, the Ge content is well above the solubility limit of Ge in ITO such that the
formation of a separate Ge material phase is expected to be favored upon thermal
annealing.

Considering incomplete confinement of thermally equilibrated electrons

within the Ge electronic energy structure (due to electron tunneling through the oxide
interfacial phase described above), electron movement from the Ge to the ITO is
anticipated to lead to an increase in the equilibrium carrier population within the ITO
resulting in an increased free carrier density in the nanocomposites compared to similarly
treated single-phase ITO films.
In contrast to the carrier density trends observed with annealing, the mobility of
the ITO films is not significantly impacted by thermal treatment. The mobility of the
nanocomposite films, however, exhibits a general reduction in free carrier mobility below
that of the single-phase ITO. Thermal annealing further decreases carrier mobility in the
nanocomposites. The reduced carrier mobility in the nanocomposites, and the downward
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trend with annealing, is consistent with increased carrier scattering within the evolving,
high interfacial area, nanoheterogeneous composite system.
The opposing trends observed in carrier density and mobility with annealing
result in a relatively consistent total resistivity in the thermally treated nanocomposite
materials. Resistivity values are of the same order as single-phase ITO films, indicating
that these materials offer an opportunity to manipulate spectral absorbance while
maintaining electrical conductivity levels comparable to the single-phase transparent
oxide conductors.
Inspection of the carrier concentrations obtained for Ge:AZO composites show
relatively constant values with respect to heat treatment temperature when compared to
the results seen for Ge:ITO (Figure 4.27a). In addition, the concentrations measured for
composites are on the same order as the single phase AZO film, indicating reduced
electron transfer from the Ge to the AZO.. It is noted that these values, in general, exist
at lower magnitudes than the concentrations obtained from Ge:ITO nanocomposites due
to the relatively low amount (2 wt. %) of Al dopant used for the study. It is also shown in
literature that when the Al content is greater than 0.8 wt %, excess Al doping forms nonconducting Al2O3 clusters in the films, causing crystal disorder, which act as carrier traps
rather than electron donors [199].
The corresponding carrier mobilities of Ge:AZO and single phase AZO films
(Figure 4.27b) depict very little change with respect to the annealing temperature or
composite design (0.4Ge:AZO vs. 1.5Ge:AZO).

Additionally, equivalent mobilities
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measured in composite and single phase AZO specimens suggest a lower impact of Ge
insertion in this case, indicating less significant influence from interfacial phase in
comparison to Ge:ITO.

As a result of these consistently low mobility and carrier

concentration values, the resistivities measured from Ge:AZO exist at nearly twice the
value observed for Ge:ITO.

5.6.2 Temperature-dependent Hall Effect
5.6.2.1 Temperature dependence of mobility in Ge:ITO composites
Temperature-dependent Hall effect was performed on equivalent samples to
elucidate potential carrier scattering mechanisms based on mobility characteristics. As
seen in Figure 4.28a, a total increase in mobility was observed for single phase ITO in
both its as-deposited condition and after annealing at 550 °C. This is consistent with
matrix grain size increases to reduce grain boundary scattering. The sample annealed at
550 °C exhibited a temperature-dependent mobility of μ  T-1 which occurred at
temperatures above ~150 K. This is in agreement with other studies of ITO [200,201]
identifying acoustic phonon scattering with a T-1 dependence for degenerate
semiconductors.
Samples of 0.4Ge:ITO and 1.5Ge:ITO exhibit similar values and behavior of the
carrier mobility to single phase ITO, such that T-1 dependence was seen prominently in
as-deposited specimens, again, indicating the oxide lattice as the primary conduction path
of carriers in this case. The decrease in mobility observed with annealing 1.5Ge:ITO
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samples in contrast to the increase in mobility observed in the single phase indicates the
role of the Ge nanophase in disrupting carrier transport due to hindered ITO grain
development. In addition, the disappearance of temperature dependence on the mobility
signifies that phonon scattering is no longer prevalent in these systems, but can imply that
a scattering mechanism with no temperature dependence (neutral impurity or grain
boundary scattering) is occurring within these samples.
Composites of 0.4Ge:ITO, in general, displayed higher values of mobility
between the as-deposited samples and those annealed at 550 °C. This can be associated
with less disruption of the matrix grain growth from a lower Ge exposure time from
initial phase assembly. The T-1 dependence observed for as-deposited samples as well as
those annealed at 425 and 550 °C suggest that the primary conduction path of the matrix
oxide lattice is preserved after annealing.

5.6.2.2 Temperature dependence of mobility in Ge:AZO composites
The results above are in contrast to that of the Ge:AZO nanocomposite films that
exhibited an overall absence of temperature, phase assembly and annealing temperature
dependence in carrier mobility.. The lower mobility values can imply excessive carrier
scattering in these samples from neutral impurity and ionized impurity scattering
mechanisms. As shown in literature, dopant Al atoms may form neutral Al-based defect
complexes in the film which not only contribute as carriers in the materials, but can also
act as neutral impurity scattering centers [202–204]. The effect of neutral impurity
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scattering is temperature-independent, however, the presence of neutral impurity
scattering is usually accompanied by other forms of temperature-dependent scattering
such as that associated with ionized impurity. It is interpreted, in this case, that while
ionized impurity scattering can be present in Ge:AZO composites, the effect of
temperature-independence neutral impurity scattering dominates.
The similar mobility values observed for composites, despite heat treatment at
different temperatures, suggest limited evolution of interfacial structure effects on the
measurement of mobility changes.

This is in agreement with both Raman results,

showing limited GeOx development in the ZnO nanocomposites, and in the XPS depth
profile studies that revealed a reduced tendency for interfacial oxide formation at the GeZnO interface. The tendency for limited interfacial oxide formation suggests that, not
only will the nature of interfacial scattering of carriers within the AZO differ from that
observed in the ITO matrix composites, but characteristics of photocarrier confinement
within the Ge nanoparticles will also be influenced. This effect can be correlated to the
optical properties, with lower energy absorption onsets observed for Ge:ZnO relative to
large blue-shifts observed in Ge:ITO.

5.6.3 Photoconductivity
These important optical and electronic characteristics are accompanied by a
measurable photoconductive response. Referring to Figure 4.30, the 475 nm (2.6 eV)
photoexcitation is used in the present study because it is lower in energy than the band-
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gap of ITO, yet within the Ge absorption spectral range. Moreover, excitation at this
photon energy does not produce a photoconductive response in single-phase ITO films
(Figure 4.30). This excitation energy is near the E1 direct band-edge transition of bulk
Ge and it has been used to demonstrate optoelectronic behavior in other Ge nanophase
containing systems [130,205].

While only observed in a limited range of sample

configurations (0.4Ge:ITO, 550 °C anneal), a photoconductive response in this excitation
energy range supports the development of a photoexcited, non-equlibrium carrier density
associated with photoexcitation of carriers within the Ge phase and the transfer of carriers
to a continuous ITO phase for transport to electrical contacts.
The persistent photoconductivity (PPC) of the 0.4Ge:ITO specimen subjected to a
550 °C anneal is also of interest in understanding the contribution of nanostructure to
photoconductivity response. It is noted that a similar photoconductive response with
illumination time has been observed in titania:Ge nanocomposites [206] using a white
light source. In this earlier work, the PPC response was associated with spatial charge
separation of electrons from holes into the two different material phases. PPC, in fact,
has been described in terms of macroscopic potential barriers that can occur at interfaces
[206].
In the present study, the energy structure of the Ge-ITO interface (based on bulk
parameters) will likely favor electron transfer from the Ge to the ITO phase. Even if
tunneling through an oxide-based interfacial layer is inferred, the lower effective mass of
the electron should still result in its preferential promotion (over the holes) to the ITO
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matrix. The microstructure of the 0.4Ge:ITO specimen after the 550 °C anneal (Figure
4.1e.), indicates that the Ge nanocrystallites are isolated within the embedding ITO
matrix.

The presence of PPC within these specimens therefore suggests that the

probability for recombination of the photocarriers within the Ge phase (anticipated to be
a fast process given the finite spatial extent of the structure and associated overlap in
photocarrier wavefunctions) is limited once the photo-excited electron moves into the
ITO. In this case, other mechanisms will also contribute to the relaxation of excited
carriers and the associated recovery of dark conductivity levels.

5.7

Effect of interfacial oxide growth on optical and electronic properties
The sensitivity of Ge phase absorption onset to its spatial extent within the TCO

matrix implies an increased contribution from confinement of the lower-mass electron
that serves to increase the overall transition energy shift observed. This is likely the
result of interface-based structural and chemical contributions to the local energy
landscape, further supported by the development of a Ge-O Raman resonance structure in
the ITO specimens. The ITO-based specimens also exhibited an enhanced absorption
onset energy when compared to the analogous ZnO-based films. The overall difference
in the absorption onset behavior (and corresponding band gap energy trend determined
via the Tauc plot analysis) with nanostructural modification observed between the GeITO and Ge-ZnO specimens further indicates that the nature of these interfacial
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contributions to carrier confinement are influenced by the identity of the embedding
phase.
As shown in Figure 4.13, GeOx-based resonances in the Raman spectra of the
ITO-based specimens are observed and are correlated with an increased blue-shift in the
Ge-absorption onset observed in the optical absorption studies (Figure 4.23 and Figure
4.24). The interface between the as-deposited Ge phase and the ITO matrix is the most
likely location for the development of a Ge-oxide structure upon annealing. While this
local oxide structure is not anticipated to be completely representative of, for example,
amorphous GeO2 or GeO, some insight into the effect of the oxide layer on carrier motion
within the Ge nanoparticle can be gained from electronic structure characteristics
typically reported for GeO2 and GeO (Ea,GeO2 = 1.15 eV, Eg,GeO2 = 5.38; Ea,GeO = 0.143
eV, Eg,GeO = 4.0 eV) [191,207]. The low electron affinity values relative to Ge and ITO
coupled with the high band gap for either germanium oxide chemistry would provide an
effective confining potential for electron motion at the Ge-ITO interface for either degree
of oxidation. The presence of such an interfacial layer would enhance the degree of
carrier confinement and the propensity for size-dependent energy state modification over
the bulk, resulting in a blue shift in the lowest energy optical transition for the Ge
nanophase (associated with the absorption onset blue-shift observed upon annealing).
The overall disruption of the Ge phase structure (Figure 4.3b and d) with
annealing, and the concurrent blue-shift in absorption onset observed for these quantumscale semiconductor based semiconductor-matrix systems, confirm that the thermal
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processing is not accessing mass transport processes contributing to crystal growth or
ripening [192]. Under the inert (Ar atmosphere) annealing conditions used in the present
study, the dominant process activated appears to be the oxidation of Ge, presumably by
gettering of oxygen from the surrounding TCO matrix. Such an interpretation can be
supported by oxide bond dissociation energies (Ed) involving the different elemental
components of the films (Sn-O: 548 kJ/mol, In-O: 360 kJ/mol, Zn-O: 284.1 kJ/mol, GeO: 662 kJ/mol [208]). The comparison of these numbers suggests that the oxide of Ge
would be energetically favored within either ITO or ZnO matrices. This is in contrast to
previous works involving nanophase Ge within insulating SiO2 [121,123] where bonding
of Si-O was favored over Ge-O (Ed Si-O: 798 kJ/mol [208]).
With increasing isochronal anneal temperature, an increased rate of oxidation is
anticipated, resulting in a larger amount of Ge consumed during the 5 minute annealing
time. The process results in the reduction of Ge volume during annealing as well as a
reduction in Ge-GeOx interfacial area as the oxide interfacial layer increases in thickness.
The XPS depth profile studies of Ge-ITO tri-layer specimens, in fact, confirm the
development of Ge-O bonding at the semiconductor-TCO interface with annealing. The
reduction in Ge volume coupled with an increased thermal oxide thickness would both
contribute toward increased photocarrier confinement and an increased blue-shift in the
absorption onset. The schematic of this anticipated energy structure due to interfacial
oxide growth is depicted graphically in Figure 5.1. Indeed, the blue shifts observed in the
absorption onset over that of a single phase Ge film, particularly in the as-deposited ITO-
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based films, implies the potential for limited Ge-O formation at the Ge-ITO interface
during deposition. In this latter case, structural and chemical disorder at the sputteringderived Ge-ITO interfaces is also anticipated to contribute to a discontinuous energy
structure at the interface and a deviation from the carrier confinement conditions
predicted based only on bulk material characteristics.
In the case of the ZnO-based nanocomposites, the magnitude of the band-edge
energy shift with annealing temperature is reduced compared with the ITO specimens
indicating a more limited impact of nanostructural change on the energy structure in this
system.

Figure 5.1 Schematic of anticipated energy structure corresponding to interfacial
oxide growth. Consumption of Ge results in confinement effects correlated with a
blue-shift in the high energy absorption onset.
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These differences can be observed within the results found through the
absorbance plots of Figure 4.24 and the associated Tauc analyses (Figure 4.25). Using
the Tauc analysis, the 0.4Ge:ZnO composites exhibited a 0.7 eV increase in the optical
band gap with annealing while the 1.5Ge:ZnO exhibited a 0.56 eV increase.
comparison

with

similar

annealing-induced

modifications

in

In

semiconductor

nanostructure, the 0.4Ge:ITO and 1.5Ge:ITO specimens exhibited a band-gap energy
shift estimated to be 0.53 eV based on the short-wavelength absorption onset behavior
observed in Figure 4.23. Again, interference from an increasing contribution from the
plasma resonance in the ITO phase precluded a full Tauc analysis of the ITO-based films.
Raman spectra from the Ge-ZnO specimens do not show a significant
contribution from GeOx vibrational structure (in the 400-600 cm-1 range) in contrast to
analogous specimens based on ITO. It appears that the nature of the Ge-ZnO interface is
chemically and structurally different from that of the Ge-ITO system and that the
resulting interfacial energy structure has a more limited influence on carrier confinement
within the Ge nanophase volume. Additional insight into the chemical nature of these
Ge-ZnO interfaces was found using an XPS depth-profile analysis.
Alternative interpretations of nanostructure induced modifications in Ge optical
absorption has been offered by other researchers. Cosentino et al. [123] reported that Ge
nanocrystals increased in size after annealing when co-sputtered with SiO2, attributing a
resulting pinning of the optical band gap at 1.6 eV to significant effects of surface
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electronic states and correlated band bending. Uhrenfeldt et al. [121] observed a decrease
in Ge nanocrystal absorption efficiency, compared to bulk Ge, which was analyzed in
terms of Mie and Maxwell-Garnet theories for spherical nanocrystals. In contrast, blueshifts in absorption onset, concurrent with decreasing nanocrystal size, have been
observed for semiconductor nanoparticles in a range of structural environments,
including colloidal solution, solid-state hosts, and as isolated (non-embedded) particles
supported on a surface [209,210].
Selection of crystalline TCO embedding phases introduces key differences in
structural, electronic, and chemical environment that contribute to nanostructural and
interfacial chemistry evolution of these materials with annealing. These effects then
contribute to significant differences in both the development of the nanocomposite
structure and result in spectral absorption characteristics compared to those observed in
other works [121,123]. The trends in band edge energy observed with nanostructural
evolution upon annealing in this case, coupled with the formation of a Ge-oxide bonding
structure arising from interfacial reaction with the embedding oxide, support the role of
photocarrier quantum confinement as a primary contributor to nanostructure-dependent
modification of nanocomposite optical absorption in the present study.
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CHAPTER 6

CONCLUSIONS

Concerns of global climate change and depletion of fossil fuel resources has
motivated the increasing study and use of renewable energy resources, efforts of which
are unparalleled historically. Given that the potential for solar energy to provide and
exceed the world’s energy needs is more than twice that expected than any other
alternative energy, significant efforts are being made to improve upon the efficiencies
currently available in commercial photovoltaic devices. High material costs associated
with first generation crystalline Si devices containing moderate efficiencies were
attempted to be remedied by low cost deposition methods of second generation devices
which ultimately suffer from low efficiencies. Consideration of these issues necessitates
a third generation photovoltaic which can utilize the low cost of second generation
devices, but incorporate fundamentally different concepts for sunlight absorption and
carrier transport which can dramatically increase energy conversion efficiencies. One
such method is the use of semiconductor quantum dots. These materials exhibit unique
optical and electronic properties as a result of their significantly reduced physical
dimensions.
The goal of the present work was to study the use of Ge quantum dot
nanostructures as a method of sensitizing a single junction for broader solar spectrum
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absorption. These particles are embedded in a transparent conductive oxide to facilitate
efficient transport and collection photocarriers. This contrasts previous investigations that
have involved the introduction of nanoscale Ge into insulating, amorphous oxides.
A dual-source, sequential RF-magnetron sputter deposition technique allowed the
production of multilayer films containing Ge and TCO materials (ITO and ZnO) with
ready manipulation of Ge phase thicknesses. A series of studies was performed involving
the influence of post-deposition annealing on the as-deposited films to examine various
nanostructural effects on optical and electronic properties. The technique was successful
in the production of semiconductor-phase spatial distributions ranging from isolated Ge
nanocrystals to two-dimensional-extended structures of semiconductor embedded in
TCO, dependent on both the as-deposited nanocomposite structure and the thermal
processing conditions used.
Obtaining an understanding the conditions for quantum confinement and the
effect of nanostructure on the optical and electronic properties of these systems is critical
to determining their potential for use in solar cell devices.

Several methods of

characterization, including optical absorption, Raman spectroscopy, Hall Effect, x-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and x-ray
diffraction (XRD) were utilized in this research to study the optical, electronic and
microstructural response of these composites in relation to phase composition, deposition
conditions, and post-deposition thermal processing.
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A clear correlation between the high-energy optical absorption onset and the Gephase length scale and extended assembly within the composite was attributed to
quantum-size effects within the semiconductor. Carrier confinement in the Ge:TCO
systems, in which the component phases have similar bulk electron affinity values, is
attributed to an oxide-based interfacial structure at the Ge-TCO boundary which is
enhanced by thermal treatment. Further study of the interface was performed with XPS
and depth profiling on specially fabricated tri-layer samples. This study confirmed the
initial presence and growth of an interfacial oxide in both TCO systems, with Ge:ITO
composites exhibiting a higher propensity of oxide growth with annealing compared to
Ge:ZnO.
The contribution of the semiconductor-matrix interface to quantum confinement
induced modification of spectral absorption in Ge-TCO nanocomposite thin films was
investigated through variation in TCO identity. In the case of ITO-based films, the
absorption onset energies were significantly greater than those observed for ZnOcontaining films, even under similar nanostructural conditions. Raman investigation
revealed the development of a GeOx structure within the ITO-containing nanocomposite
films with annealing that has been associated with the Ge-ITO interface. Further, the
presence of this low electron affinity layer is anticipated to significantly modify the bulkmaterial determined interfacial energy structure, resulting in increased electron
confinement within the Ge. Increased consumption of Ge by the oxide formation process
with higher temperature annealing, in conjunction with embedding matrix crystallization
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and grain growth, produced an overall reduction in Ge nanophase spatial extent and a
corresponding decrease in carrier confining volume.

The result was an enhanced,

quantum confinement related blue-shift in the absorption onset energy associated with the
semiconductor phase.
While similar oxide-based Raman resonances were not observed for the ZnObased materials, the presence of a low Ea layer at the Ge-ZnO interface is also anticipated
based on the overall blue-shift of high energy absorption onsets from bulk Ge. Given the
oxide bond enthalpies of Zn-O and Ge-O, such “gettering” of oxygen by Ge from the
surrounding ZnO matrix is plausible although Raman vibrational analyses were not
successful in isolating the Ge-O structural species in this system due to the presence of
ZnO-based resonances within the same spectral range. Corroborating data obtained from
XPS on Ge:ZnO tri-layer samples show the presence of a GeO2 oxide close to the
interface, but with a delayed response of subsequent growth after annealing times
compared to Ge:ITO. This oxide growth and development behavior is likely to present a
lower potential barrier to electron motion than that observed at the Ge-ITO interface
based on these results.
An increasing free carrier density and decreasing mobility was observed with
increasing

isochronal

heat

treatment

temperature

(and,

hence,

nanostructural

development) for both of the as-deposited composite film designs examined. These
opposing trends resulted in a relatively consistent resistivity over the range of
nanostructures developed. Moreover, the examined nanocomposite films retained an
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overall resistivity that was similar to that of a single-phase ITO films, despite the high
interfacial area characteristics of this nanoheterogeneous material system.
Measurement of temperature-dependent Hall Effect provided insight into the
dominant carrier scattering mechanisms present in composite samples. Phonon scattering
associated with carrier transport within the ITO component of the Ge:ITO, particularly in
amorphous samples, was identified. The Ge:AZO composites, however, did not exhibit
any temperature dependence on the mobility with overall values of mobility
approximately 70% lower relative to Ge:ITO (as-deposited). Comparison of Ge:ITO and
Ge:AZO Hall Effect results support the strong influence of embedding matrix selection,
as well as the corresponding propensity for

interfacial oxide development, on the

nanostructure-mediated carrier transport trends observed..
This study utilized many avenues of characterization to provide a multifaceted
view of the relative influenceof nanostructure on the optical and electronic properties of
Ge:TCO nanocomposites.

Optical absorption “tuning” was demonstrated for Ge

nanophase embedded in either ITO or ZnO, particularly in Ge:ZnO nanocomposites.
This property was additionally observed in Ge:ITO nanocomposites without major
detriment to electrical resistivity values in comparison to single phase ITO. Additionally,
the substantial influence of interfacial oxide structures on these observed optical
properties provides further understanding of the nanostructural characteristics
contributing to carrier confinements in these systems. These results indicate a strong
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support for further evaluation of these unique tunable optoelectronic materials for use in
PV applications.
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CHAPTER 7

FUTURE WORK

The present work details a study of the quantum confinement effects within
Ge:TCO nanocomposite thin films. Modification in the energy level structure of the
semiconductor, as indicated by a blue-shifting of the absorption onset energy observed
for the composite, was associated with a general reduction in the average size and
changes in morphology of the Ge nanodomains present with post-deposition thermal
annealing. Such changes in nanoparticle ensemble characteristics were further associated
with the formation of germanium oxide at the Ge-TCO interface as well as the
crystallization of the matrix material. These mechanisms, rather than long-range mass
transport processes typically accessed at much higher temperatures, were found to be the
primary mechanisms responsible for nanostructural evolution in these materials.
These composites have shown unique nanostructure mediated optical absorption
tuning, and moreover, retain viable carrier transport properties of direct utility for
optoelectronic device applications, including photovoltaics.

In this case, these

nanocomposite thin films could serve as optical sensitizers for established thin film
heterojunction photovoltaic cells, providing tailorable spectral absorption while still
supporting charge transport.
A potential device structure which can be used as a test-bed is shown in Figure
7.1. This approach would enable isolation of nanocomposite absorption contribution to
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the energy conversion process.

Poly(3-hexylthiophene) (P3HT) as a p-type

semiconductor material, in this case, can be readily spin-coated on the sputter deposited
films and also exhibits a spectral response outside of the expected absorption associated
with the nanocomposite. Given the tunable optical and electronic response of Ge:ITO
and Ge:ZnO observed in the current work, this device structure can appropriately extract
efficiency values for comparison between a conventional single junction and a sensitized
single junction.

Figure 7.1 Schematic of potential test-bed device structure.

The unique method of sequential RF-magnetron sputter deposition also allows the
study of optical and electronic properties based on variation in TCO thickness, i.e.
semiconductor phase separation.

Decreasing the out-of-plane spacing between

semiconductor phases can reveal a particular assembly design which accesses effective
“cross-talk” of the Ge nanophase between TCO layers. This can produce corresponding
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changes in optical and electronic properties, and thus potential device performance, rather
than modification of Ge exposure time alone.
Additionally, a suite of samples similar to the designs studied in the present work
(or with variation in TCO exposure time) can be fabricated by sputter depositing on
heated substrates. This can provide contrasts in the evolution of the Ge nanophase and
TCO crystallinity compared to those sputter deposited on room temperature substrates in
the present work. Producing nanocomposites using this method can effectively eliminate
the need for post-deposition annealing to induce quantum confinement effects in the
semiconductor phase.
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