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Abstract

Recent interest in composite materials based on hydrogenated amorphous silicon
(a-Si:H) stems in part from its potential for technical applications in thin film transistors
and solar cells. Previous reports have shown promising results for films of a-Si:H with
embedded silicon nanocrystals, with the goal of combining the low cost, large area benefits
of hydrogenated amorphous silicon with the superior electronic characteristics of
crystalline material. These materials are fabricated in a dual-chamber plasma-enhanced
chemical vapor deposition system in which the nanocrystals are produced separately from
the amorphous film, providing the flexibility to independently tune the growth parameters
of each phase; however, electronic transport through these and other similar materials is
not well understood. This thesis reports the synthesis and characterization of thin films
composed of germanium nanocrystals embedded in a-Si:H. The results presented here
describe detailed measurements of the conductivity, photoconductivity and thermopower
which reveal a transition from conduction through the a-Si:H for samples with few
germanium nanocrystals, to conduction through the nanocrystal phase as the germanium
crystal fraction Xge is increased. These films display reduced photosensitivity as Xce is
increased, but an unexpected increase in the dark conductivity is found in samples with Xce
> 5% after long light exposures. Detailed studies of the conductivity temperature
dependence in these samples exposes a subtle but consistent deviation from the standard
Arrhenius expression; the same departure is found in samples of pure a-Si:H; a theoretical
model is presented which accurately describes the actual conductivity temperature

dependence.
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conductivity measurements presented in this thesis. The sample is
attached to the stage using thermal grease, and electrical connection is
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labeled “T_Control” is used by the temperature controller along with the
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Ge phase (%Ge) and voids as a function of germanium crystal fraction for
the eight samples measured by RBS. For each sample, the three phases
add to 100%.

4.10: Plot of the conductivities at 450 K of a number of samples with
different germanium crystal fractions Xce. Samples that are n-type at 450
K, as measured by the thermopower, are represented as red circles.
Samples that are p-type at 450 K are represented as blue squares. The
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(4.4) (a) for a variety of germanium crystal fractions. Plot of the
calculated fraction of conductivity through the n-type phase vs 1000/T (b)
for the same values of Xge in (a). Plot of the calculated Seebeck
coefficients vs 1000/T using Equation (4.9) (c) for the same values of Xge
in (a). Plot of the measured Seebeck coefficients vs 1000/T from Figure
4.5 (d).
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5.1: Plot of the photosensitivity as a function of light exposure time for
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light for time t, to the initial state A conductivity o, for a number of nc-
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and allowing the sample temperature to stabilize, and the light exposure
time is the cumulative time the sample was exposed to the light. The black
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5.3: Plot of the photoresponse as a function of the cumulative light
exposure time, calculated used Equation (5.2), for the data in Figure 5.1
and Figure 5.2.

5.4: Log-linear plot of the decay of the photo-enhanced excess
conductivity versus time for a single film with Xge ~ 16%. The y-axis is
the dark conductivity measured after 24 hours of illumination, normalized
to 1 att=0 and to zero at t = 0. The dashed lines are exponential fits to
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Figure 5.5: Arrhenius plot of the values of zfound for each curve in Figure 5.4,
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Figure 6.1: Log-log plots of the reduced activation energy versus temperature for

four nc-Ge/a-Si:H samples with germanium concentrations as determined
by Raman measurements included. Overlaid on each plot are model
curves of the form o(T) = o, exp[—(T, /T)*] where xis equal to -1 (gray),
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— Chapter 1 -

Introduction

No other amorphous material comes close to the level of study and understanding
devoted to hydrogenated amorphous silicon. Its appeal arises from the fact that single-
crystal silicon is not particularly well-suited to many semiconductor device applications.
Single-crystal semiconductors are composed of a periodic arrangement of atoms that
usually corresponds to the ideal environment for each atom. Defects in the crystal can arise
unintentionally, and will usually lead to a degradation of the electrical characteristics of
the sample. Amorphous materials have been grown in such a way that there are many
defects throughout the sample, and while the electrical performance may not match the
standard of a single-crystal, the growth process for amorphous materials is often much
cheaper and easier than that of crystals, especially when one requires thin film
semiconductors deposited over large areas on non-lattice matched substrates. The most
common method of producing single-crystal silicon involves slowly drawing a crystalline
ingot from a vat of molten silicon, then, after refinement, slicing the ingot into thin wafers.
For applications that require very thin samples, this method is impractical because the
wafers must be a minimum of a few hundred xm thick for structural integrity. While other
methods can achieve nm-level thicknesses in a single-crystal of silicon, they are often not

economically viable.

Amorphous silicon can be easily and inexpensively deposited onto virtually any

substrate, in whatever thickness is desired. The deposition process can also be scaled up to



cover large areas very easily. This makes it a good candidate for such applications as
transistors in LCD and LED displays [1], and solar cells [2]. At the time of this writing,
however, crystalline silicon-based solar cells maintain an edge in price/power ratio and are
the de facto standard for photovoltaics. While amorphous silicon’s promise for solar energy
production lies in its affordability and its amenability to thin, large area deposition, it
suffers from serious electrical performance drawbacks, which have kept its efficiency quite
low (<10%). Research continues in order to improve amorphous silicon for use in solar
cells, and in recent years, focus has shifted to using amorphous silicon as the basis for more
complex materials. The goal of these new composite materials is to resolve some of the
most intractable downsides to amorphous silicon and also develop new, interesting
properties. A promising direction involves embedding nanocrystals in amorphous silicon,
in the hopes of achieving the best of both worlds: the low cost and large area advantages
of amorphous silicon, and the superior electronic properties of crystalline silicon. Previous
studies have investigated the role of silicon nanocrystals embedded in amorphous silicon.
This thesis builds on that previous work by exploring the electronic properties of a

composite material of germanium nanocrystals embedded in amorphous silicon.

In this thesis, | will describe the synthesis and characterization of hydrogenated
amorphous silicon thin films with germanium nanocrystal inclusions. These results extend
our understanding of how these nanocrystalline inclusions affect the transport properties
of hydrogenated amorphous silicon thin films. In particular, the motivation for these studies
is the desire to understand the underlying transport mechanisms resulting from the
interactions between amorphous and nanocrystalline materials in a single composite

structure.



1.1 — Material Synthesis

1.1.1 — Amorphous films

Hydrogenated amorphous silicon (a-Si:H) thin films are most commonly
synthesized via Plasma-Enhanced Chemical VVapor Deposition (PECVD) [3] and its many
variants, including remote plasma deposition [4], expanding thermal plasma (ETP) [5] and
very high frequency PECVD (VHF-PECVD) [6]. Silane gas (SiH4) flows between two
parallel-plate electrodes in a vacuum chamber, sketched in Figure 1.1a. A radio-frequency
AC power source, usually at 13.67 MHz, with a power of ~ 50 mW/cm? excites the silane
gas into a plasma where some of the silane molecules are stripped of a hydrogen atom [7].
When both the plasma power and the silane partial pressure are low enough, very little
recombination occurs, so a positive DC voltage builds up on the interior surfaces in the

vacuum chamber, related to the capture of the very mobile H* nuclei. This positive voltage

(a) (b) SiH, + Ar
C PTFE spacers
/ .
_— \ diffuse
— | * plasma
SiH, to pump
1111 plasma
o -
- substrates

quartz tube
3/8” 0D

Figure 1.1: Cartoons of (a) a deposition chamber for a-Si:H thin films and (b) flow-
through tube reactor for synthesis of nc-Si.



attracts the heavier, negatively charged silane molecules and a thin film of Si and H grows
on all exposed surfaces. When the temperature of the surface is elevated to between 250
and 300°C, the quality of the resulting a-Si:H thin film is maximized [8]. These
temperatures increase the mobility of each silane molecule, allowing it to “settle in” to its
position relative to the already deposited Si and H atoms, and the system relaxes into a
more energetically-favorable, yet still disordered configuration. Of particular importance
is that the hydrogen can diffuse enough at these temperatures to passivate defects in the
network of Si atoms. At too low a growth temperature there is insufficient surface diffusion
of hydrogen and the defect density is increased relative to films grown at ~ 250°C. At too
high a temperature, however, the diffusion of the hydrogen increases to the point that
hydrogen is lost from the growing film, and there is a corresponding increase in defect

density.

While not as extensively studied as amorphous silicon, hydrogenated amorphous
germanium (a-Ge:H) is quite similar to a-Si:H. Thin films of high quality a-Ge:H can be
fabricated using PECVD in a similar configuration to that of a-Si:H, using germane gas
(GeHs) instead of silane. For a-Si:H thin films, a higher quality, lower-defect sample is
achieved by growing the film as slowly as possible. The powers used to create the silane
plasma are usually the lowest possible while maintaining a stable plasma, because the
deposition rate is roughly proportional to the plasma power. In a-Ge:H, however, the
highest quality films are produced at high deposition rates, usually by applying large
powers across the germane plasma, in a configuration similar to that sketched in Figure

1.1a [9,10]. Amorphous germanium thin films which display poor electronic properties



usually exhibit a columnar microstructure, measured via SEM, compared to high quality

a-Ge:H samples which form a denser matrix [11].

1.1.2 — Nanocrystals

Silicon (and germanium) nanocrystals (nc-Si or nc-Ge) can be plasma-synthesized
in a similar manner but require very different growth conditions than a-Si:H. In the case of
nc-Si, a radio frequency power source is used at 13.67 MHz to create a plasma in a mixture
of silane gas and argon, with a ratio of approximately 1:20 (SiH4:Ar). The gas mixture is
fed through a glass tube and the power source is connected to electrodes that form parallel
rings around the glass tube, as in Figure 1.1b. Compared to the a-Si:H film plasma, the
power and gas pressure are both increased. With sufficiently high power and pressure, the

density of charged silane molecules is quite high, including SiH;, SiH,” and the
occasional SiH; species. These can combine to form nanoparticles, which grow for the

duration of their time spent in the plasma, and are usually negatively charged.

At the same time, there are many argon ions in the plasma, which have had an
electron stripped and are positively charged. When an Ar* ion collides with a nanoparticle,
an electron is exchanged. The energy released from this exchange is equal to the ionization
energy of the Ar atom, 15.8 eV, which is immediately converted to heat in the nanoparticle.
The short mean free path caused by a large pressure in the nanocrystal reactor means there
is a nearly constant barrage of Ar" ions on the surface of the nanocrystal, and the
temperature of the nanocrystal is on average much higher than the surrounding gas. Upon

cooling, the four-fold coordinated, over-constrained silicon nanoparticle crystallizes, rather



than forming a glass, and nanocrystals of diameter 2 — 20 nm (depending on the flow rate

and RF power levels) can be fabricated in this manner [12].

1.1.3 — Mixed-phase nc-Ge/a-Si:H

The nc-Ge/a-Si:H films described in this thesis were grown in a dual-chamber co-
deposition PECVD system [13], sketched in Figure 1.2. This system was custom-built to
provide the flexibility to synthesize thin films composed of variety of different materials
that would be impossible to produce in a single-chamber deposition system. In the samples
investigated here, germanium nanocrystals are synthesized in an upstream nanocrystal
synthesis chamber, and injected into the already-growing a-Si:H thin film. The result is a
material composed of germanium nanocrystals which are dispersed and embedded

throughout an a-Si:H thin film.

The nanocrystals are synthesized from a mixture of germane gas (GeHs) and Ar,
with a ratio of 1:109 (GeHa:Ar) at a pressure of at least 4.5 Torr. The gas mixture passes
through a 3/8” quartz tube, which has ring electrodes separated by 2 cm, through which
100 Watts of RF power is applied at 13.68 MHz. The nc-Ge yield can be changed by
placing an orifice downstream of the nanocrystal plasma, and adjusting the overall flow
rate to achieve a pressure of 4.5 Torr. For the samples presented here, the nanocrystals were
synthesized using orifices from 1.5 mm to 3 mm in diameter, with total flow rates of 66

sccm to 132 scem, where higher flow rates yielded more nanocrystals.

The amorphous silicon thin film creates a matrix surrounding the nc-Ge, and is

synthesized in a separate plasma reactor, downstream from the nanocrystal plasma. The
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Figure 1.2: Sketch of the dual-chamber dual-plasma co-deposition system used to
synthesize the nc-Ge/a-Si:H thin films. An upstream plasma fed by GeHs and Ar
creates the nc-Ge, which are carried downstream to the film plasma, which is tuned
to grow high-quality a-Si:H thin films. As the a-Si:H grows, germanium
nanocrystals are embedded in the films, producing a composite material, with
higher germanium content near the injection tube.

film plasma is fed by a separate gas line, which carries 2-5 sccm of silane gas (SiHs). The
plasma is created from parallel plate electrodes, 3.5” in diameter, with an RF power of 2-5
Watts at pressures around 0.25 Torr. The parameters for the film plasma were not
significantly adjusted for the samples presented in this thesis; however, any residual gasses
from the nanocrystal synthesis were also injected into the second plasma chamber.
Accordingly, the actual film deposition conditions included 60 to 120 sccm of Ar, and any

unreacted GeHas. | will show, later, that there is no significant Ge alloying in the a-Si:H



film, indicating that either all the GeHys is reacted by the nanocrystal plasma, or any GeHa
that entered the film chamber was not dissociated by the film plasma in significant

quantities and passed through to the pump.

Samples were grown on Corning 1737F glass substrates, each 1.3cm x 1.3 cm at a
temperature of 250°C. Due to the relatively large inertia of the nanocrystals as they enter
the film plasma chamber, the concentration of nc-Ge embedded in the a-Si:H is largest
directly underneath the nanocrystal injection tube, falling from 100% in the center to 0%
at the edges in some cases. In this way, it is possible to grow a series of nc-Ge/a-Si:H films

in a single deposition run, where only the nc-Ge concentration is varied.

Following deposition, aluminum electrodes were evaporated on the surface of the
films, parallel to the direction of the gradient in Xce. In substrates where the difference in
Xee between the two ends of the substrate differed by more than a few percent, the sample
was scribed perpendicular to the electrodes to divide the substrate into multiple samples of
more uniform Ge concentration, as in Figure 1.3. In each deposition run, films were grown
on 3 to 5 substrates, yielding from 5 to 10 distinct, measureable samples. In most cases,
regions of the film where the nc-Ge concentration is over 60% begin to lose adhesion to
the substrate. The material ceases to be an amorphous film with embedded nanocrystals
and behaves similar to a pure nanocrystal film, such that deposition of electrodes
afterwards is difficult and oxidation occurs very rapidly. Consequently, no transport

measurements for samples with Xge > 75% are reported.



Figure 1.3: Sketch of a single substrate after preparation into 4 distinct samples.
The nc-Ge/a-Si:H film is deposited on a glass square, usually with a gradient in Xce.
Two electrodes are deposited parallel to the direction of the gradient, and the
sample is scribed into 5 rectangles of approximately constant nc-Ge concentration.
Four of these become distinct samples with relatively constant Xge. The fifth is used
to monitor the temperature on either side for the thermopower measurements.

1.2 — Electronic Transportin a-Si:H

Amorphous silicon is distinguished from more conventional, crystalline
semiconductors by its lack of long-range order. Crystalline silicon has a diamond cubic
lattice structure, in which each silicon atom is bonded to four other silicon atoms at
109.47°, as in a tetrahedron, and the bond lengths are constant at 2.35A. This periodicity
means that it is possible to understand the properties of an entire crystal by just looking at
the smallest repeating pattern, the unit cell. For silicon, the unit cell contains only eight
atoms, and predictions about the optical and transport properties of the material by studying
just those eight atoms have been very successful. This is done through Bloch’s theorem,
which leads to accurate analytical calculations of the material properties of crystalline
silicon. In amorphous silicon, this periodic structure is absent. The lack of order in
amorphous silicon can be manifest as a variation of the bond angle, bond length, or as a

missing bond (known as a dangling bond). For an individual tetravalent silicon atom in



amorphous silicon, the variation in bond lengths very small, less than 1%, but much larger

deviations are seen in the bond angle, especially in the presence of missing bonds [14].

Early studies on pure, unhydrogenated amorphous silicon found that the disorder
brought about by missing bonds and variations in bond angle means that there is in fact a
continuum of energy states where the bandgap should be. The density of states near the
Fermi energy is quite large, so transport occurs via hopping through defect states near the
Fermi energy [15]. Consequently, doping is impossible, as the high density of dangling
bonds soaks up any charges donated by impurity atoms, and the Fermi energy remains
pinned in the mid-gap [16]. In 1969, however, Chittick and co-workers demonstrated the
deposition technique described in the previous section, which incorporates hydrogen into
the amorphous silicon film, drastically reducing the defect density in the bandgap [3]. The
inclusion hydrogen occupies the dangling bond sites, which helps to satisfy the valence
requirements for the silicon atoms, and removes many strained Si-Si bonds, reducing states
in the band tails. In hydrogenated amorphous silicon (a-Si:H) samples produced via
PECVD as in Figure 1.1a, the hydrogen content is roughly 10 atomic %, meaning that a-
Si:H is most accurately described as an alloy of silicon and hydrogen [18]. In a-Si:H the
dangling bond density is reduced to ~ 10'® ¢cm= from values as high as 10 cm™ in
unhydrogenated a-Si, and there is a corresponding improvement in the material’s optical

and electronic properties.

In many ways, a-Si:H shares many characteristics with crystalline semiconductors.
For example, it can be doped [19] and displays a roughly Arrhenius conductivity
dependence on temperature [3]. There are notable exceptions, however, such as its

anomalous Hall effect [20], incorrect Seebeck coefficient activation energy [21] and
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metastable defect creation [22]. In general, those aspects in which amorphous silicon
behaves like crystalline semiconductors are reflections of its short-range order, in which
most silicon atoms still have tetravalent bonds. Those anomalous behaviors listed above
and many more are generally the consequence of the loss of long-range order, and are

determined by the interaction of large groups of atoms.

The band structure of hydrogenated amorphous silicon differs from that of
crystalline silicon primarily in that there are a continuum of states at all energies within the
bandgap. In any semiconductor, the treatment from Bloch’s theorem on the perfect infinite
crystal results in a gap around the Fermi energy where there are no available states for
electrons to reside. When defects are added to the material, whether through point defects
in the crystal structure or substitutional doping, energy states may become available inside
the bandgap. This is the power of doping in crystalline semiconductors — by introducing
defects that produce new energy states in the bandgap near the conduction band or valence
band, one can shift the Fermi energy substantially, and interesting devices can be
fabricated. The disorder present in hydrogenated amorphous silicon means that, rather than
a gap where there are no states around the Fermi energy, there is merely a decrease in the
number of states near the Fermi level, compared to higher or lower energies. The band
structures of a-Si:H and crystalline silicon are sketched in Figure 1.4 to illustrate this
difference. In hydrogenated amorphous silicon, conduction occurs via charge carriers
hopping between states of similar energy. For energies close to the Fermi energy, the
distance between nearby states is quite large, and very little current can flow through these
states. These are termed defect states or midgap states, and are associated primarily with

dangling-bond defects, but also with highly-strained Si-Si bonds [23]. Moving away from
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Figure 1.4: Sketches of the density of states for crystalline silicon (left) and
hydrogenated amorphous silicon (right). The energy gap shown here for crystalline
silicon is an indirect gap, and the direct bandgap is 1.4 eV.

the Fermi energy in either direction, the density of states increases exponentially. These
are the bandtails, and arise from Si-Si bonds that are stretched, rotated or otherwise stressed

away from their lowest energy configuration.

At some point in the bandtails, the wavefunction overlap of nearest neighbor states
of similar energy becomes substantial and hopping between states is allowed. The energy
at which this change occurs is termed the “mobility edge” and was predicted by Neville
Mott in 1967 [24]. The vast majority of conduction through a-Si:H at temperatures above
room temperature is through these ‘extended’ states above the mobility edge. The
wavefunction overlap is sufficient that free electrons (holes) with energy above (below)
the mobility edge see a continuum of states and conduct as in a metal. The total
conductivity of a sample of a-Si:H is then limited by the number of electrons (holes) that

are above (below) the mobility edge, which is almost completely determined by the
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temperature. The tails of the Fermi function f(g) which extend past the mobility edge are

exponentially dependent on the inverse of the temperature T, i.e.

KT

B

f(¢) ~exp{—g_gF} (1.1)

where ¢ is the Fermi energy and kK is the Boltzmann constant. The number of electrons

at any energy is just the Fermi function times the density of states, which is mostly constant
above the mobility edge. Therefore, we expect that the conductivity o will follow an
Arrhenius expression when measured as a function of inverse temperature,

o(T) =0, exp{—%} (1.2)

where &, is the energy of the mobility edge separating the conduction band from the
bandtail states and o, is a constant conductivity prefactor. In hydrogenated amorphous

silicon, most researchers find that the conductivity is described by Equation (1.2), with

activation energies, defined as E_ =¢.; —& between 0.8 and 1 eV [22,25-27].

Equation (1.2) is also valid for crystalline semiconductors, for the same reasons.
The mobility edges in hydrogenated amorphous silicon play the role of the conduction and
valence band edges in crystalline semiconductors, so any free electrons present in the
conduction band must be thermally activated, and the conductivity is again limited by the

overlap of the Fermi function and the conduction band.
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At sufficiently low temperatures, Equation (1.2) becomes yields a very small
conductivity, as there are simply too few free charge carriers in the de-localized states
outside the bandgap to carry significant current. In this case, the majority of conduction
through the sample can arise from electrons and holes trapped in localized defect states
inside the bandgap that can tunnel from state to state, “hopping” across the sample and
carrying current. This was famously predicted by Mott in 1968, called variable-range
hopping (VRH), where charge carriers hop through nearby states close to the Fermi energy
in a constant density of states [28]. This yields a conductivity temperature dependence

given by

(M) =0, exp{—@—f)j } (L3)

The other common type of hopping seen in amorphous silicon and related materials is
Efros-Shklovskii variable-range hopping, which is very similar to Mott’s formulation
except that it takes into account a Coulomb gap near the Fermi energy arising from charge
buildup. Efros-Shklovskii VRH arrives at a similar expression for the conductivity’s
temperature dependence, except that the exponent in Equation (1.3) is 1/2 instead of
1/4 [29]. Both Mott and Efros-Shklovskii VRH have been observed in a variety of

disordered semiconductors, generally at very low temperatures [30,31].

Compared to conduction through de-localized states, variable-range hopping yields
much less current per charge carrier. In unhydrogenated amorphous silicon (a-Si) thin
films, for example, the density of dangling bond states in the center of the bandgap is very

large (~10%° cm®). In these materials, electronic conduction is dominated by hopping
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through states near the Fermi energy, simply on account of the sheer number of occupied
states given by the product of the density of states and the Fermi function. Measurements
of the temperature dependence of the conductivity confirm that electronic transport through

these films is described by variable-range hopping through dangling bond states [32].

1.3 — Thermoelectric Effect

The thermoelectric effect, also known as the thermopower or Seebeck effect, is a
method of measuring the entropy per unit charge in a material. To first order, one can
approximate the free charge carriers in any material as an ideal gas. When a temperature
gradient is applied across a sample, it induces motion of free charge carriers by diffusion
from the hot end towards the cold end of the sample. In a sample with only free electrons,
the electrons begin to accumulate at the cold end and a voltage difference is created across
the sample with a negative potential at the cold end. The resulting electric field repels the
electrons back towards the hot end, counteracting the diffusion of more electrons, and the
sample quickly reaches a steady-state voltage. In an open-circuit configuration, the
Seebeck coefficient S is defined as the negative voltage induced per degree of temperature
gradient,

_dv

S = ——©
dT

(1.4)

Because a temperature gradient, which is insensitive to charge, induces the motion of the
charge carriers, it is possible to determine the sign of the majority charge carrier from the
sign of the Seebeck coefficient, where a negative (positive) S means that electrons (holes)

are the majority charge carrier.
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The simple treatment of charge carriers as a gas is convenient for understanding the
sign of the Seebeck coefficient, but it doesn’t provide much insight into the magnitude of
S, nor is it particularly accurate for semiconductors and insulators, in which the mean free
path of each charge carrier is much too short to approximate as an ideal gas. In a lightly n-
doped semiconductor, the Fermi level is above the center of the bandgap and there are
many more free electrons than holes. When a temperature gradient is applied across the
sample, the Fermi function is broader at the hot end, resulting in more filled states above
the Fermi level and more empty states below the Fermi level, compared to the cold end.
When an electron is thermally promoted to higher energy in the presence of a temperature
gradient, it sees more empty states at similar energies in the direction of the cold end, and
fewer towards the hot end. This promotes diffusion towards the cold end, in which each
diffusion event from a thermally-activated charge carrier will quickly end in phonon
scattering and dissipation in the form of heat. Those conduction band electrons will fill
lower energy states closer to the cold end, and the thermal excitation - diffusion -

scattering process causes an overall drift of charge carriers towards the cold end.

In intrinsic or compensated semiconductors that have both conducting electrons and
holes, the sign of the thermoelectric voltage depends primarily on the mobility of the charge
carriers. In a-Si:H, the mobility of electrons in the conduction band is around ten times the
mobility of holes in the valence band, and undoped a-Si:H has a negative
thermopower [33]. The sign of the thermopower can also depend on the slope of the density
of states near the Fermi energy, especially in materials with very few free electrons or holes
in the conduction and valence bands. If the density of states is larger above the Fermi

energy than below, electrons will have more options for diffusion via Fermi’s Golden Rule,

16



and the electron voltage will be larger than the hole voltage. This can be seen in
unhydrogenated amorphous silicon, in which there is a very large defect concentration and
the motion of charge carriers occurs only via hopping through defect states near the Fermi
energy. The Seebeck coefficient is then very sensitive to the slope of the density of states
at the Fermi energy, and can be either positive or negative, depending on the midgap defect

state energy densities and the position of the Fermi energy.

The Seebeck coefficient is largest for materials with a single dominant charge
carrier, because the minority charge carrier produces an additive voltage of the opposite
sign, but its magnitude is also dependent on the bandgap and Fermi energy of the material.
A large bandgap means that more energy is transferred per charge carrier, which directly
translates to a larger voltage. Usually, semiconductors have the largest Seebeck
coefficients, because the energy per charge carrier is small in metals, and insulators have

so few charge carriers.

A growing application of the Seebeck effect is in devices termed thermoelectrics.
These are materials that generally have very large thermopowers, and can drive a useable
current from a temperature gradient or create a temperature gradient from an applied
voltage. Thermoelectrics have great technological promise, as they can be used to harvest
waste heat from any heat-generating process and turn it into immediately useable
electricity, and they can be used for refrigeration with no moving parts [34].
Thermoelectrics are a nascent field, however, and have not gained widespread adoption
outside of some niche markets due to their relatively high cost and low efficiency. The
efficiency of any thermoelectric material can be expressed by the Figure of Merit zT,

defined as
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(1.5)

where T is the temperature, o is the electrical conductivity and x is the thermal

conductivity [35].

The Figure of Merit is a very interesting combination of metrics, as it is largest
when S and o are both large and « is small, meaning the material should have the
conductivity of a metal, the thermopower of a semiconductor, and the thermal conductivity
of an insulator. Put another way, one wants many charge carriers that each carry a lot of
energy but very little heat. In most cases the materials with largest zT are heavily-doped
semiconductors to achieve large o-and relatively large S, with added heavy-atom impurities

to disrupt thermal conduction through the lattice, caused by phonons [36].

1.4 — Photoconductivity of a-Si:H

When light is absorbed by a-Si:H, the conductivity can increase, owing to an
increase in charge carriers from the generation of electron-hole pairs. The excess
conductivity is termed the photoconductivity, opn and is determined by the product of the
photo-excited charge carrier generation rate G, the recombination lifetime zec, the electron
charge, and mobility s« Over prolonged exposure times of a few hours or more, the
photoconductivity gradually decreases. Once the light is turned off, the dark conductivity
of a-Si:H does not return to its original value, but rather assumes a significantly smaller

value. The sample can be returned to its original state by annealing at elevated temperatures
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of 450 K or so for around 30 minutes or more. To distinguish between the dark conductivity

before and after light exposure, the terms “state A” and ““state B” are used, respectively.

The origin of the decrease in dark conductivity in state B, known as the Staebler-
Wronski Effect (SWE), is not completely understood, but most theories suggest that it is
related to the presence of hydrogen in the amorphous silicon matrix [37—39]. The hydrogen
atoms in a-Si:H passivate bonds with Si atoms that would otherwise have no partner,
known as “dangling bonds.” In the band structure of a-Si:H, dangling bonds are associated
with energy states in the middle of the bandgap. These midgap states are the primary sites
where the recombination of electron-hole pairs occurs. In one proposed model for the
microscopic physics of the SWE, if a photon is absorbed near a Si-Si bond that is
sufficiently strained, the Si-Si bond may break, creating two dangling bonds. Usually, the
Si-Si bond would quickly reform, but a nearby hydrogen atom, which is quite mobile
within the sample near room temperature, may move into the region of the broken bond
and passivate one of the newly-broken Si bonds. Now, the two remaining unpaired Si bonds
are too far apart to create a bond between them, and the number of dangling bonds has
increased. Upon annealing, hydrogen diffusion brings these light-induced dangling bonds
in close proximity, and they can then disappear by reforming a Si-Si bond. Other models
have been proposed to account for the origin of the SWE, involving the trapping of charges

or the breaking of Si-H bonds [40,41].

In the context of a useful a-Si:H solar cell, an increase in the number of dangling
bond defects, and therefore the recombination rate, greatly decreases its efficiency, as in

this case the photo-generated electrons and holes are less likely to reach the electrodes,
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decreasing the useful current produced by the device. For this reason, researchers have

focused on mitigating the SWE in amorphous silicon since its discovery in 1977.

There are a number of approaches that have been investigated in the hopes of
minimizing or even eliminating the SWE in amorphous silicon. It has previously been
shown that decreasing the amount of bonded hydrogen in the a-Si:H can improve the
resistance to metastable light-induced conductivity changes. For example, deposition of a-
Si:H using the hot wire technique yields a material with a lower percentage of bonded
hydrogen, around 1 at. % (compared to 8-10 at. % for PECVD a-Si:H), and improved

metastable light-induced conductivity changes [18,42].

In recent years, there has been interest in creating composite structures based on a-
Si:H to mitigate the SWE. Previously, it has been shown that embedding silicon
nanocrystals in a-Si:H can lead to improved dark conductivity, as well as a decrease in the

magnitude of the SWE following extended illumination [43].
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— Chapter 2 -

Characterization Techniques

This chapter focuses on measurement techniques that will be used to characterize
the materials presented in this thesis. In particular, | emphasize here the physics behind the
measurements, in addition to the technical logistics of how the measurements were
performed. | begin with structural measurements, used to understand the composition of
the materials, including the ratios of different phases in a composite material and the
amount of disorder present in a uniform film. The second section describes the methods

used to determine the electronic transport properties of these materials.

2.1 — Structural Characterization

2.1.1 — Raman Spectroscopy

Raman spectroscopy is a technique that analyzes the inelastic scattering of
monochromatic light. A monochromatic laser is incident on the sample and the vast
majority of the photons are scattered elastically via Rayleigh scattering, departing with the
same energy and wavelength as the incident photons. A small fraction of the incident
photons interact with the bonds between atoms, exciting their vibrational modes. Raman
scattering is contrasted with absorption of a photon in that absorption requires a permanent
electric dipole moment, whereas Raman scattering has no such requirement. A dipole
moment is induced by the incident EM field of the light, which allows observation of

symmetric (Si-Si or Ge-Ge) vibrational modes that are unavailable in absorption
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measurements. The spectra presented in this thesis will focus on stretching modes
involving Si and Ge atoms, but other modes (wagging, rocking, etc) can also be excited by

Raman scattering.

The scattered energy of a photon can be either smaller or larger than the incident
energy, corresponding to Stokes and anti-Stokes Raman scattering, respectively. The
magnitude of the energy shift is sensitive to the atomic masses in the bonds as well as the
strain and disorder in the lattice structure. This means that Raman spectra can be used to
determine the relative concentrations of different atoms and different phases in a sample.
In this work, Raman spectroscopy will be used primarily to determine the relative
concentration of germanium nanocrystals in the nc-Ge/a-Si:H thin films. Because it can
distinguish between crystalline and amorphous phases of the same elements in a material,
Raman will also be used to establish the amount of amorphous germanium, Si-Ge alloying,

and nanocrystalline silicon that could, in principle, be present in the nc-Ge/a-Si:H samples.

The energy shifts in Raman scattering are usually reported in units of wavenumber
(cm), mostly for historical reasons, and in this thesis, I will only look at the Stokes Raman
scattering, in which the photons lose some energy in order to excite a vibrational mode in
the solid. In single crystals, the Raman spectrum consists of a single, very sharp peak at a
single energy. For crystalline silicon, the one signature peak is observed at 520 cm™, and
for crystalline germanium, a corresponding peak is found at 300 cm™. In these crystals, a
single peak is observed because the photons have very little momentum (k) to impart to the
crystal structure, compared to a phonon. Momentum is conserved during Raman scattering

and due to the dispersion relations and band structures in c-Si and c-Ge, there is only a
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single phonon mode that can be activated while maintaining momentum conservation, the

k = 0 point in the transverse optical (TO) mode.

In amorphous silicon, however, the lack of long-range order relaxes the requirement
of momentum conservation. Any phonons that are activated can effectively “borrow”
momentum from the nearby defects and strained bonds, a feature that isn’t available to
single-crystals. This is reflected in a band of allowable phonon energies, corresponding to
a band in energies of the scattered photons that are detected, with each band appearing as
a broadened, Gaussian peak. A second consequence of the lack of long-range order in
amorphous silicon is that, in addition to the TO mode, the other, non-k-conserving phonon
modes can be activated during Raman scattering: transverse acoustic (TA), longitudinal
optical (LO), or longitudinal acoustic (LA). As a result, the total Raman signal from the Si-
Si bonds in amorphous silicon is composed of multiple Gaussian peaks, one from each
population of phonon modes. The peaks for the TO, LO and LA modes all overlap
somewhat, centered at 480 cm™, 410 cm™ and 320 cm™, with widths approximately 55 cm-
165 cm™ and 85 cm, respectively. The peak corresponding to the TA mode is found at
175 cm™ with a similar width to the other peaks. However, the detector used to measure
the Raman spectra presented here was filtered to remove the huge Rayleigh signal at low
energies. Consequentially, only the higher-energy tail of the TA peak is visible in the

spectra presented here, and analysis of the TA peak is ignored.

A sample Raman spectrum for a hydrogenated amorphous silicon thin film is shown
in Figure 2.1. The total measured spectrum is decomposed into four separate peaks, each

corresponding to a different phonon mode. Because of the overlap of the TO,
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Figure 2.1: Raman spectrum of a pure a-Si:H thin film (black). The total measured
spectrum can be decomposed into four separate Gaussian peaks, centered at 480
cm? (blue), 410 cm™ (cyan), 320 cm™ (red), and 175 cm™ (magenta), shown as
dotted lines. The sum of these four peaks is shown by the solid green line.

LO and LA modes, many different fits can accurately describe the data, where the widths,
positions and heights of each peak vary considerably. In some Raman fits, the
mathematically best fit involved characteristics which were clearly unphysical, most
commonly a very large LO peak shifted up to ~ 430 cm™. In this case, the TO peak height
is reduced, and its center is shifted up to 490 cm™ or so. In this and similar case, the

difference in quality of fit between the mathematically best fit and a more constrained,
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physically consistent fit is almost always vanishingly small, so the constrained fit is

preferred.

The measured Raman spectrum for nanocrystals resembles a mixture between the
single-crystal and amorphous signals. As the nanoparticles are crystalline, there is still a
momentum conservation requirement, but their long-range order ends at the surface of the
nanocrystal. This leads to a slight relaxation in the requirement of momentum conservation
when compared to single-crystals. The immediate implication of this is that the non-
momentum conserving phonon modes are partially accessible, all of which are at lower
energies than the single-crystal TO k =0 mode in Si and Ge, so the resulting nanocrystalline
peak is shifted to lower energy. A secondary effect is that the nanocrystalline Raman signal
is broadened asymmetrically, with a larger tail at lower energies, reflecting the inclusion

of the lower energy LO, LA and TA modes [44—46].

In silicon nanocrystals, the position of the Raman peak is dependent on the size of
the nanocrystals, where smaller nanocrystals have a peak shifted to lower energies, usually
between 510 and 515 cm™. However, the position of the peak is also quite sensitive to other
characteristics of the nanocrystals, including stress [47] and surface states [48], which can
cause similar shifts. It is therefore more reliable to use a separate characterization technique

to determine the size of the nanocrystals, such as X-ray diffraction.

For germanium nanocrystals, while the body of literature is sparser than for nc-Si,
there is still some correlation between the position of the Raman peak and the size of the
nanocrystals. The amorphous germanium Raman spectrum is reminiscent of the

amorphous silicon spectrum, with the TO mode at 278 cm™, the LO mode at 233 cm™ and
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the LA mode at 175 cm™ [49], and indeed the nc-Ge Raman peak is usually shifted to lower
energies from the single-crystal Ge peak at 300 cm™ [46]. However, for very small
germanium nanocrystals, less than 5 nm in diameter, the position of the Raman peak can
actually back up to higher energies, and even reach higher energy than the single-crystal

peak [50].

The Raman data presented in this thesis were all collected using a Witec Alpha
300R confocal Raman microscope located in the Characterization Facility (CharFac) at the
University of Minnesota. It used an argon-ion 52 laser at 514.5 nm focused to a spot size
of ~ 2-3 um and the detector was an UHTS 200 spectrometer. The power of the laser was
kept below 6 mW in order to minimize local heating of the sample, which can cause the

locations of the peaks to shift to lower wavenumbers by a few cm™,

2.1.2 — Fourier Transform Infrared Reflectometry (FTIR)

FTIR is an optical technique that measures the absorption of light in the infrared
range. Absorption can occur when a photon’s energy matches the vibrational energy of an
atomic bond in the sample. The energy of a vibrational mode depends primarily on the
atoms involved and the type of vibration (stretching, wagging, rocking, etc.). For example,
in a-Si:H thin films, absorption is seen at 2000 cm™, which corresponds to the stretching
of Si-H bonds when the other 3 bonds on the silicon atom are Si-Si bonds [51,52]. Because
the oscillator energy may depend on the local environment around the absorbing bond, it
is often possible to distinguish between, for example, the Si-H stretching mode above and
a Si-H> stretching mode, where the silicon atom is bound to two hydrogen and two silicon

atoms. An absorption peak is found at 2090 cm™ corresponding to the Si-Hz stretching
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mode [53], but it has also been related to the Si-H stretching mode in the vicinity of many

other Si-H bonds, for instance, at the surface of a silicon nanocrystal [54].

From classical electrodynamics, absorption or emission of a photon can occur with
a changing dipole moment. For this reason, only vibrational modes that present a change
in the net dipole moment can be detected through infrared absorption. For example, a Si-
H bond has a nonzero dipole moment due to the different electron distributions of the Si
and H atoms. When the bond stretches or bends, the dipole moment changes. This bond
can be measured with FTIR and is considered IR-active. For a Si-Si bond, however, the
symmetry in electron distribution means that there is no net dipole moment, and as that
bond stretches or bends, there is no change in the dipole moment so the bond is IR-inactive.
In general, bonds between two different elements are usually IR-active; symmetrical bond

are IR-inactive and are typically probed using Raman spectroscopy.

In a-Si:H thin films, the Si-H stretching modes are used to probe the disorder in the
material. Conventionally, the ratio between the integrated area of the 2090 cm™ peak to the
2000 cm™ peak is used to characterize the amount of disorder present in a-Si:H, defining

the structure factor

R= Ay / (Azogo + Azooo) (2-1)

where A, is the integrated area of the Gaussian profile corresponding to the peak centered

at n. Under this definition, larger R values indicate more disorder in the amorphous silicon

thin film. Figure 2.2 shows a fit to an FTIR spectrum for a pure a-Si:H thin film.
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Figure 2.2: Measured absorption via Fourier Transform Infrared Reflectometry on
a pure hydrogenated amorphous silicon sample (black), zoomed in to show the Si-
H vibrational modes. The total fit (green) is composed of two Gaussian peaks, one
at 2000 cm (red) and another at 2090 cm™ (cyan), corresponding to Si-H and Si-
H> bonds, respectively. The level of disorder present in the film is characterized by
R = Ayg0 / (Asge + Aseny ) » Which is 0.47 for this sample.

In hydrogenated amorphous germanium thin films, the Ge-H and Ge-H> stretching
modes, analogous to the 2000 and 2090 cm™ modes in a-Si:H, occur at 1870 and 1980 cm"
! respectively [55]. Because the width of all these peaks in a-Si:H and a-Ge:H are on the

order of 50 cm™, it is impossible to distinguish the Ge-H, and Si-H modes in hydrogenated
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materials that contain both Si and Ge, such as amorphous Si-Ge alloys and the nc-Ge/a-

Si:H composite films studied here.

2.1.3 — Rutherford Backscattering (RBS)

Rutherford backscattering is famous for its role in discovering the nucleus. A beam
of positively charged ions (typically alpha particles, He™) is directed at sample, and the
ions are repelled by the positively charged nuclei in the sample and scattered at a wide
range of angles. Those ions that are scattered close to 180 degrees are collected in the
measurement. The ions in the incident beam are all at a uniform energy, but the scattered
ions lose energy via interactions with the atoms in the sample. The cross-section of each
nucleus is very small, so the ions can penetrate quite far before being backscatttered. As
the ion bores deeper into the sample, it loses energy via shallow-angle scattering with the
electron clouds of the atoms it passes until it is finally backscattered by a heavier nucleus.
The amount of energy lost depends on how far into the sample it travelled before being
backscattered, the “stopping power” of the atoms it passed on the way, and the charge and
mass of the nucleus that backscattered it. The stopping power of an atom is determined by
its electron distribution, and is usually found experimentally for each element. Using the
known stopping powers of different materials, it is possible to use the measured energy
distribution of the backscattered ions to find the ratio of different elements in the sample.
In practice this is done by running a simulation of the experiment with the compositions
and thicknesses of both the sample and substrate, calculating the resulting distribution of

energies, and then iteratively modifying the model to match the measured data.
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An RBS measurement detects the energy of each backscattered ion, and produces
a histogram of the number of ions found at each energy. Because the probability of
backscattering from a nucleus in a homogenous material is nearly constant throughout its
thickness, an RBS spectrum exhibits plateaus that correspond to each element present in
the sample. Figure 2.3 displays the RBS spectrum of a bare glass slide. The ions elastically
collide with the nuclei in the sample, so ions that were backscattered by nuclei with large
mass lose very little energy, and the plateaus corresponding to those nuclei extend to higher

energies. The highest-energy edge of each plateau corresponds to nuclei at the front surface
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Figure 2.3: Rutherford Backscattering measurement (black) and matching
simulation (red) for the bare glass used as a substrate for the nc-Ge/a-Si:H samples
presented in this thesis.
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of the sample, while the lowest-energy edge of each plateau corresponds to nuclei at the
back surface of the sample. Because the glass is thick (1 mm), each plateau in Figure 2.3
extends all the way to zero energy, meaning that the total stopping power of the sample
was larger than the energy of the incident ions. For energies below ~0.5 MeV, the
simulation does not accurately match the measurement. This is a consequence of inelastic,
non-Rutherford scattering events with lower Z nuclei (including Si, O and H) which are

detected in the measurement but not taken into account in the simulation.

2.1.4 — X-Ray Diffraction

In X-ray diffraction spectroscopy, the lattice structure of a crystalline sample is
used as a diffraction grating for incident photons of uniform energy. As the size of the unit
cell of most solids is on the order of a few Angstroms, diffraction will be strongest and
easiest to measure when the wavelength of the photons is similar or slightly smaller than
the atomic spacing, necessitating the use of X-rays. When a beam of coherent X-rays are
incident on the crystal, the lattice planes create a reflecting surface; however, the X-rays
can penetrate many layers before being reflected as they interact weakly with the atom’s
electrons. The beam of reflected X-rays, as it exits the sample, can experience constructive

or deconstructive interference when the angle of reflection 6, the lattice spacing d and the

wavelength A satisfy the Bragg relation,

nA=2dsind, (2.2)

for constructive interference and
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@ﬂ:Zd sin g, (2.3)
for destructive interference, where n is an integer. In a sample that is a single crystal,
multiple angles of incidence are probed and a “spot” is detected where the constructive
interference condition is met. In samples that are not a single crystal, for example, a powder
of nanocrystals that are all randomly oriented, there are always some nanocrystals that are
in the proper orientation to satisfy the Bragg relation for any incident angle. Of the

nanocrystals for which 6 =6, their orientations in the ¢ direction can take any value,

meaning the constructive interference “spot” is now smeared into a ring, concentric with
the incident beam. During analysis, the measured spectrum is integrated over ¢to show the

constructive interference peaks at different scattering angles 6.

In crystals that are very small, the peaks broaden, and this broadening can be used
to determine the size of the crystal in the direction of the relevant lattice plane. For the
angle g satisfying the Bragg relation, the first-order constructive interference condition
occurs when the path length difference between X-rays scattered from adjacent planes is
A. The non-Bragg scattering of X-rays at an incident angle éb which is slightly smaller than
@k, such that the path length difference for adjacent planes is 1.11 is sketched in Figure
2.4. An X-ray that is reflected from lattice plane 1 will almost constructively interfere with
an X-ray reflected off lattice plane 2. Destructive interference occurs from X-rays scattered
farther away, in plane 6, where the path length difference is 5.54, satisfying Equation (2.3)
. For a crystal that is very small, around 2-3 lattice planes in this case, the destructively

interfering X-rays are not found, and there will be some net constructive interference
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Figure 2.4: Cartoon illustrating the origin of nonzero X-ray diffraction peak widths
in nanocrystals. Coherent X-rays are incident at an angle éb slightly smaller than
the angle &s, which satisfies the Bragg relation, such that the path length difference
between adjacent planes is 1.14, slightly longer than in the simple Bragg case. The
phase of X-rays scattered off each plane, relative to the top plane, is denoted by the
color of the line, where red lines are in phase and blue lines are out of phase. In this
case, X-rays scattered 6 lattice planes away destructively interfere, and X-rays
scattered off the adjacent plane interfere nearly constructively.

measured at éb. For incident angles much closer to s, larger crystals can experience this
partial constructive interference, and this leads to the broadening seen in the Bragg peaks.
The nanocrystal size, 6, can be calculated from the width of the peaks, S, using the Scherrer

equation [56]:

(2.4)

:,BCOSH
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The detected peak of scattered X-ray intensity is also broadened by the limitations
of the instrument. This minimum peak width is evaluated by measuring the peak width of
a single-crystal sample of corundum, Al2Os, which has negligible natural linewidth, and
the instrument broadening is subtracted from the total breadth of the signal to isolate the
broadening due to nanocrystal size. The XRD data presented in this thesis were collected
using a Bruker-AXS Microdiffractometer with 2.2 kW sealed Cu X-ray source at A =

1.5418 A.

2.1.5 — Profilometry

Profilometry is a technique in which a probe is dragged very lightly across the
surface of the sample and the vertical movement of the probe is measured to determine the
shape or profile of the sample’s surface. The substrates of each sample presented here were
partially masked before deposition to create a sharp edge in the film, the height of which
is the film’s thickness. By directing a profilometry scan normal to that edge, passing from
bare glass to the sample surface, an accurate measurement of the film’s thickness can be
made. The nc-Ge/a-Si:H samples showed significant correlation between Xge and
thickness, averaging around 1.1 zm for samples with Xce < 10% and increasing by a factor

of 3-8 for samples with Xge > 25%.

2.2 — Electronic Characterization

2.2.1 — Conductivity

The simplest and most common transport measurement is the conductivity as a

function of temperature. On the surface of the sample, two chromium or aluminum
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electrodes are evaporated in a coplanar configuration. The length L of the electrodes are up
to 1 cm, 500 nm thick, and the separation W between the two electrodes is between 0.5 and
4 mm. Electrical contact is made with the electrodes by securing the end of a thin, bare
wire to each electrode with silver paint. Ideally, the silver paint acts only as a binding agent
and current flows directly from the electrode to the wire. Poor electrical contact often leads
to non-Ohmic transport; all samples were tested for linear current-voltage curves before
any other measurements were made. At a given temperature, the current | is measured at a

constant voltage V, and the conductivity is given as

o=—— (2.5)

where d is the thickness of the film.

The majority of the dark conductivity measurements presented in this thesis were
performed under vacuum in a closed-cycle cryostat sketched in Figure 2.5. The sample
stage consists of a partially gold-plated copper block with an embedded cartridge heater.
The sample stage is separated from the cryostat’s cold head by a sapphire crystal, which
has a low thermal conductivity to allow the sample stage to reach temperatures up to 470
K. At very low temperatures, however, the thermal conductivity of the sapphire is large
enough to cool the sample stage to 10 K. The temperature of the sample is monitored by a
Si diode mounted next to the sample on the sample stage (T_Sample). A second sensor is

placed near the heater to provide an input for the temperature controller (T_Control).

Conductivity measurements reported in this thesis were all performed in a two-

probe configuration. A DC voltage of up to 100 V was applied across the sample and the
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Figure 2.5: Cartoon of the sample stage in the closed-cycle He cryostat used for
conductivity measurements presented in this thesis. The sample is attached to the
stage using thermal grease, and electrical connection is made to the electrodes on
the sample surface. The temperature sensor labeled “T Control” is used by the
temperature controller along with the heater to control the temperature of the stage.
The sensor labeled “T_Sample” gives the temperatures reported in the data in this
thesis. The sample can reach temperatures up to 470 K and is thermally separated
from the cold head, which is always below 70 K, by a sapphire crystal.

current was measured by a femto-ammeter. Because the samples presented here are all
undoped and very resistive, with resistances between 1 GQ and 100 TCQ, any contact
resistances that may be present at the interfaces between the sample and electrodes are

orders of magnitude smaller, and negligible in our final current measurements.
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2.2.2 — Thermopower

Thermopower measurements presented in this thesis were performed in a custom-
made measurement system. Inside a vacuum chamber capable of reaching <5 mTorr, the
sample is placed across two separate copper blocks (H: and Hz in Figure 2.6) such that the
electrodes are directly above and parallel to the direction of the copper blocks. The copper
blocks are separated by 4 mm, and the electrodes on each sample presented here also have
a separation of 4 mm. Inside of each copper block, a 50W cartridge heater is embedded.
The temperature of each block is controlled independently by a dual-channel temperature
controller, using platinum resistors (T3 and T4) attached to glass slides on each copper block
as input sensors. The temperatures of the blocks T3 and T4 are set so that the average is

T, =(T;+ T,)/2 and the temperature gradient AT =T, —T, is measured using the sample

temperatures rather than the control temperatures Tz and T4 The temperature gradient
induces a thermoelectric voltage (V1 — V2 in Figure 2.6) across the sample. For each average
temperature, thermal gradients of Tz — T4=£12 °C and 0 are generated and the respective
induced voltages are recorded, eliminating contributions of any small temperature-
dependent voltage offset to the signal [21]. Temperature stability is maintained within
+0.05K of the target set temperatures for at least 90 seconds before collecting data. The
entire measurement system is capable of measuring the electrical properties of high
impedance thin films down to ¢ ~ 108 Qcm™ and resides in a vacuum chamber [21]. The
measured Seebeck coefficient is derived from the slope of the resulting linear plot of
induced voltage against AT, and the process is repeated at a new average temperature, from

350K to 450K.
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Figure 2.6: Sketch of the sample holder for thermopower measurements. The
sample is placed so the electrodes are parallel to and atop two copper blocks,
which each have an embedded heater (H1 and H2). The temperatures at each
block are independently controlled using platinum resistors Tz and T4 as input
sensors; these platinum resistors are mounted on glass slides so that their
temperatures are similar to the sample temperatures. Thermocouples T1 and T»
are attached in a region that is electrically isolated from the measurement of Vi
and V2, and are used in calculations of the Seebeck coefficient.

2.2.3 — Photoconductivity

Photoconductivity measurements were performed in a system similar to the closed-
cycle system described in Section 2.2.2, though without the low temperature capabilities.
The measurement system consists of a copper block with an embedded cartridge heater,
upon which resides the sample. A thermocouple is attached to a piece of glass mounted on
the copper block next to the sample, so that the measured temperature is close to the sample
temperature and is used as both the input for the temperature controller and the sample

temperature. The entire system resides in a vacuum chamber with a window that filters
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infrared frequencies, to minimize sample heating while the light source is on.
Measurements are made at pressures below 5 mTorr, and temperatures between room

temperature and 470 K are achievable.

As described in Section 1.4, a-Si:H undergoes metastable conductivity changes
upon exposure to light. To distinguish between the pre- and post-light soak state, the terms
“state A” and “‘state B” are used, respectively. To return an a-Si:H sample to state A from
state B, it is annealed at 470 K for at least two hours. A typical measurement of the
photoconductivity in a-Si:H begins with annealed sample in state A at 320 K, the lowest
temperature that is easily controllable with just a heater. The dark, state A conductivity oa
is measured for a few minutes or until it is stable, and then the film is illuminated with
white light by a tungsten-halogen (W-Ha) lamp with intensity ~ 100 mW/cm? and the
photoconductivity opn is measured. Although the window filters out most of the IR
wavelengths, the temperature increases by a few degrees and stabilizes again to 320 K after
a few minutes. When the lamp is turned off, the state B dark conductivity os is measured,
typically as a function of temperature as the sample is heated from 320 K to the annealing

temperature of 470 K.
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— Chapter 3 -

Structural Results of nc-Ge/a-Si:H films

The following chapter will discuss the effects of incorporating germanium

nanocrystals into an a-Si:H thin film to create a composite, mixed-phase thin film.

The measurements used to determine the structural properties of the nc-Ge/a-Si:H
thin films are now discussed. The methods described herein all involve analysis of the
scattering of particles or light from the sample. From these results, we are able to accurately

determine the concentration of germanium nanocrystals in each sample.

3.1 — Raman Spectroscopy

This section will describe the technique used to determine the relative fractions of
nc-Si, a-Si, nc-Ge, and a-Ge in the nc-Ge/a-Si:H samples, by comparing the Raman signals

originating from different phonon modes associated with Si-Si and Ge-Ge bonds.

Typical Raman spectra for a series of samples prepared in a single deposition run
are shown in Figure 3.1. These spectra have been normalized to the broad peak at 480 cm"
! which is due to the TO mode of a-Si:H. Across this set of samples, there is a dramatic
increase in the size of the sharp peak at 300 cm™, which is associated with the TO mode in
germanium nanocrystals. Unlike in nc-Si, however, the location of the nc-Ge peak is not
significantly shifted to lower wavenumber, and in fact is often shifted to higher
wavenumbers than in bulk c-Ge, as high as 302 cm™. This is in agreement with Choi, et

al., who found the shift to lower wavenumber in nc-Ge to be greatest in nanocrystals with
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Figure 3.1: Raman spectra for five samples produced in the same deposition run,
but different distances from the nanocrystal injection tube. These spectra have been
normalized to the a-Si:H TO mode at 480 cm™.

~6 nm diameters, with a smaller shift as the size decreased, and observed a shift to higher
wavenumber for nc-Ge smaller than ~3 nm [50]. In measured spectra of pure germanium
nanocrystals, the sharp, asymmetric peak can be fit to four Gaussian peaks at 230, 278, 295
and 300 cm™. In most cases, the peak at 230 cm™ is the shortest and widest of the four
peaks, and the one at 300 cm™ is the tallest and narrowest (see Figure 3.2). This same fitting
technique is applied to the nc-Ge signal in the mixed-phase samples presented in this paper,

and the sum of the four areas is used for the total signal originating from the nc-Ge phase.
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Another feature visible in the spectra shown in Figure 3.1 is a broad peak centered
around 390 cm™. In amorphous Si-Ge alloys, a similar peak is observed, and is attributed
to Si-Ge bonds [57,58]. In these nc-Ge/a-Si:H samples, the peak at 390 cm™ is likely due
to asymmetric Si-Ge bonds on the surfaces of the Ge nanocrystals and not Si-Ge alloying
within the a-Si:H matrix, reflected in the roughly linear relationship between the sizes of
the Si-Ge peak at 390 cm™ and the nc-Ge peak at 300 cm™ in Figure 3.1. If there were any
significant alloying of Si and Ge in the amorphous phase, its magnitude would be
independent of the germanium crystal fraction. This was verified by growing a set of films
with identical parameters to a nc-Ge/a-Si:H run, except that the nanocrystal plasma was
turned off. The resulting Raman spectrum from this hydrogenated amorphous Si-Ge alloy
displayed broad peaks at 278 and 480 cm™ corresponding to the TO modes in a-Ge:H and
a-Si:H, respectively, and a broad peak centered at 390 cm™. The relative magnitudes of
each of these peaks were independent of the location of the substrate in the deposition
chamber. The variation in the height of the peak at 390 cm™ in the nc-Ge/a-Si:H samples
is therefore not due to alloying that is sensitive to the substrate location, but is rather
associated with the Si-Ge bonds surrounding the nanocrystals themselves (whose
concentration is sensitive to the distance from the nanocrystal injection tube). At present,
the process of fitting the Raman peaks is uncertain enough that any studies of the expected
sub-linear saturation of the relative size of the 390 cm™ peak due to Ge-Ge bonds at the

nanocrystal surfaces at very high Xce are not possible.

In pure a-Si:H films, the Raman spectrum between 250 cm™ and 500 cm™* consists
of the LA, LO and TO Si-Si modes at 320, 410 and 480 cm™, respectively. Samples far

from the nanocrystal inlet, with undetectably small germanium concentrations such as the
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sample with Xee < 1% in Figure 3.1, can be accurately fit using Gaussian functions centered
at these three wavenumbers, as described in Section 2.1.1. When the germanium
concentration increases, however, the broad Si-Ge mode at 390 cm™ sufficiently overlaps
with the 320 and 410 cm™ peaks to make any attempt to fit all peaks simultaneously
prohibitively difficult. In order to limit the number of variables, it is necessary to first
subtract the pure a-Si:H signal from the total spectrum, where the pure a-Si:H signal is
assumed to be unchanged in each spectrum from a given deposition run. The resulting
spectrum, shown in Figure 3.2 for the sample with Xge ~ 36% from Figure 3.1, then
contains the asymmetric nc-Ge peak at 300 cm™, the broad Si-Ge mode around 390 cm™,
and in many samples, a small zc-Si peak around 510 cm™. The mc-Si peak is likely the
result of Ar bombardment of the growing a-Si:H, crystallizing a portion of the amorphous
film and creating hydrogenated microcrystalline silicon [59]. The resulting crystalline
silicon fraction is usually smaller than 1% and does not contribute significantly to the

electronic properties of the composite film.

The final, quantitative determination of the germanium crystal fraction is then

determined by comparing the relative integrated areas of the nc-Ge and a-Si:H TO modes,

Xee = Poe [ (Age +7Ag) (3.1)

where yis the ratio of the relative Raman scattering cross-sections, oce/ osi. This parameter
was determined experimentally by comparing with results from Rutherford Back

Scattering of the same samples, which will be discussed below.
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Figure 3.2: Raman spectrum of a nc-Ge/a-Si:H sample with Xge ~ 36% from Figure
3.1 illustrating the process used to fit the nc-Ge component and determine Xge. The
full Raman spectrum (gray) contains broad Gaussian peaks associated with the a-
Si:H component which overlap significantly with the Si-Ge peak. The a-Si:H
component is first subtracted from the full signal, and the black curve is obtained,
which can be fit (red) to 6 Gaussian peaks which overlap only slightly.

3.2 — X-Ray Diffraction

The sizes of the germanium nanocrystals were determined via X-ray diffraction.
Measurements were made on a Bruker D8 Discover microdiffractometer on the nc-Ge/a-
Si:H samples and on accumulations of nc-Ge dust from deposition runs in which the film
plasma was turned off and no SiHs was present in the system. There are no substantial

variations between the germanium nanocrystals in the nc-Ge/a-Si:H thin films and
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freestanding nc-Ge. Diffraction spectra for a few nc-Ge/a-Si:H samples are shown in
Figure 3.3. Two main diffraction peaks are present in these spectra, correlating to the (111)
and (220) crystal planes for germanium. The small size of the nanocrystals leads to
broadening of these peaks, as described in Section 2.1.4. Calculating the width of the peaks,
it is possible to determine the size of the nanocrystals, parallel to the relevant crystal plane.
We find spherical nanocrystals with diameters ranging from 3.5 to 4.5 nm in films with

Xce between 2% and 35%. Across a single deposition run, nanocrystal sizes are fairly
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Figure 3.3: X-ray diffraction measurements on three nc-Ge/a-Si:H samples
showing peaks due to diffraction in the (111) and (220) planes, where the
germanium crystal fraction labeled for each sample was determined by Raman
spectroscopy. These samples were synthesized in the same deposition run and
display diffraction peak widths that correspond to nanocrystal diameters of 3.5-4.5
nm.
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consistent, with variations in diameter of less than 1 nm, suggesting that the nanocrystal
plasma produces relatively homogenously sized nanocrystals. In the event of a wide size
distribution, one would expect that samples with lower Xge would have smaller
nanocrystals than those with large Xce, because they were farther from than nanocrystal

inlet during deposition.

3.3 — Rutherford Backscattering (RBS)

RBS measurements allow the determination of the number fraction of each element
in the sample. This was used to find yin Equation (3.1), which provides a path to use the
Raman spectra to determine Xge for each film. Eight samples were measured from two
deposition runs, with Xge found to be between 1 and 60%. Correlating these values with

the Raman spectra of the same samples, ywas found to be 2.63.

RBS spectra were measured using an incident beam of He™ ions at 3.8 MeV,
focused onto a 2 mm diameter spot. Figure 3.4 shows a typical RBS spectrum with a
matching model that reveals that about 29% of the atoms in the sample are Ge and the rest
are Si with about 10% oxygen as well. The spectrum features “plateaus” that each
correspond to different elements in the sample. The width of the plateau is determined by
the density and thickness of the layer, and the maximum energy of the plateau is determined
by the mass and charge of the backscattering atom. For this sample with two layers, the
thin film and the glass substrate, some ions pass through the top layer and backscatter off
the substrate. The measured energies of those ions that are backscattered in the substrate
are shifted to lower energies than if they had scattered off an identical atom in the film, as

they passed through the thickness of the film and felt its entire stopping power. This makes
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Figure 3.4: Rutherford backscattering measurement (black) and matching model
(red) for a nc-Ge/a-Si:H sample with Xge ~ 32%.

it difficult to directly identify the substrate signal, since each of its plateaus are shifted to
lower energies than would be expected, by an amount which is dependent on the exact
composition of the film. For an accurate model of the combined film and substrate system,
it is therefore necessary to know the exact atomic makeup of the substrate, which is
straightforward to calculate from an RBS measurement of a bare substrate. The results of
this measurement on the glass used for the substrate of the nc-Ge/a-Si:H samples is shown

in Figure 2.3, revealing significant impurities of high-Z atoms including Cs and Rb.
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Surprisingly, the RBS measurements on these nc-Ge/a-Si:H samples indicates that
their density is very low, at least for samples with high Xce. For instance, the sample shown
in Figure 3.4 with Xge ~ 32%, would be expected to have a density of 3.53 g/cm™. The
RBS model uses the known thickness of the film, as measured via profilometry, and finds
a density of only 1.5 g/cm™. This means that over half of the macroscopic bulk of this
sample consists of voids. It is unclear exactly how the microscopic structure looks, but one
can imagine extensive shadowing by nanocrystals which are piling up on top of each other
faster than the a-Si:H film can fill in the gaps. The void fraction increases more or less

linearly with Xge, and is approximately zero for Xge ~ 0%.

Given the large void fraction, it is not surprising that there is a significant amount
of oxygen present in these films. For the sample in Figure 3.4, oxygen accounts for
approximately 10% of all the atoms in the film, and the amount of oxygen also scales
roughly linearly with Xce, presumably residing on the surfaces of the voids. Note that two
oxygen signals are present in Figure 3.4, one arising from oxygen in the sample and the
other, at a lower energy, from oxygen in the substrate. As seen in Figure 3.4, the film
oxygen signal is very weak compared to that of Si and Ge, so there is a large uncertainty
in the amount of oxygen in each film from this measurement. The a-Si:H phase of these
samples is also significantly composed of H atoms, which are not included in the
simulation. Because H atoms are less massive than the He™ nuclei which are incident on
the sample, there can be no backscattering from any H atoms in the sample. Similar to
RBS, Forward Recoil Elastic Spectrometry (FRES) measures the non-backscattered signal,

and would be an effective avenue to determine the amount of hydrogen in these films.
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3.4 — Fourier Transform Infrared Spectroscopy

Infrared spectra were recorded on nc-Ge/a-Si:H to probe the bonding between Si &
Ge and hydrogen. Measured FTIR spectra for three samples from the same deposition run
are shown in Figure 3.5. While these spectra are measured between 375 and 4000 cm™, the
data in Figure 3.5 is restricted to the region between 1800 and 2400 cm* where the Si-H
and Ge-H stretching modes are found. In Figure 3.5a, which displays a sample with Xge ~
0%, the signal is dominated by two peaks at 2000 cm™ and 2090 cm™, as in pure a-Si:H
(Figure 2.2). In Figure 3.5b (Xge ~ 2.5%) and Figure 3.5¢ (Xge ~ 21%), as Xce increases, a
mode at 2250 cm™ is found to increase correspondingly. An infrared-active mode at 2250
cm™ has previously been reported in samples of porous, oxidized silicon, and is attributed
to Si-H bonds when the Si atom is back-bonded to three oxygen atoms [60,61]. This is a
plausible source of the mode at 2250 cm™ in the samples presented here, because RBS
measurements indicate that the material becomes very porous as Xce increases and the film

becomes significantly oxidized.

A second feature that can be seen across these figures is the relative sizes of the
2000 and 2090 cm™ peaks. As Xge increases, the size of the 2090 cm™ peak increases
relative to the size of the 2000 cm™® peak. In pure a-Si:H samples, a large peak at 2090 cm"
1is associated with SiH; stretching modes, found to be correlated with large defect densities
and poor electronic quality. It seems reasonable that, as nc-Ge are embedded into the a-
Si:H, the surrounding film is structurally perturbed and becomes more disordered. The

parameter R can be calculated using Equation (2.1), and is found to be
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Figure 3.5: Plots of measured FTIR spectra and fits to those spectra for samples
from a single deposition run with (a) Xce ~ 0%, (b) Xge ~ 2.5%, and (c) Xce ~ 21%.
The thick black line is the measured data and the red line is the sum of the Gaussian
peaks in blue, green, orange and magenta.
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0.45 in Figure 3.5a (Xge ~ 0%), 0.51 in Figure 3.5b (Xge ~ 2.5%), and 0.93 in Figure 3.5¢c

(XGe -~ 21%)

The fits in Figure 3.5 also include a Gaussian peak at 2190 cm™. The origin of this
peak is difficult to determine with certainty, and while it may correspond to an infrared-
active mode, for example, a Si-H stretching mode when the Si atom is back-bonded to 1 or
2 oxygen atoms, it may also simply be an artifact of the background subtraction involved
in producing these spectra. These nc-Ge/a-Si:H samples are relatively thick, > 1 xm, and
the absorption fringes due to reflections off the front and back surfaces of the film are
around 1000 cm™ apart. The fringes are very large compared to the peaks described here,
so they must be subtracted from the spectrum before fitting can be performed. This process
is difficult when multiple broad peaks overlap as in these spectra, especially when the peaks

of interest lie in an area where the fringes have significant curvature.

There is little clear evidence of Ge-H bonds in these FTIR spectra. In a-Ge:H, the
Ge-H stretching mode is found at 1870 cm™, and the Ge-H. stretching mode is found at
1980 cm™. These modes are analogous to the 2000 and 2090 cm™ Si-H stretching modes
in a-Si:H, and because we believe there is no significant Si-Ge alloying in the amorphous
phase, it is understandable that the 1870 and 1980 cm™* modes would be absent. In FTIR
measurements on silicon nanocrystals, however, the dominant mode is found at 2090 cm-
1 and is generally attributed to Si-H bonds on the surfaces of the nanocrystals. We might
expect to see an analogous peak in these nc-Ge/a-Si:H samples at 1980 cm™, but it is
impossible to distinguish this peak from the Si-H mode at 2000 cm™. It is unclear to what
extent the peak near 2000 cm™ in Figure 3.5 originates from the Si-H bonds in a-Si:H or

the Ge-H bonds in nc-Ge or hoth.
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In the samples presented here, R is found to increase with germanium content, as
shown in Figure 3.6. This is likely due to the presence of voids introduced at the interfaces
with the germanium nanocrystals. In pure a-Si:H films, the surfaces of voids are believed
to be hydrogen-terminated, and contribute to infrared absorption near 2090 cm™ [55]. As
shown in Section 3.3, the addition of nc-Ge introduces voids in the composite nc-Ge/a-

Si:H film, resulting in enhanced absorption at 2090 cm™.

1.0 T T T T T T T T T T T T
09 | _
08 n -
07 H u .
0.6 - u - -
05 | -

04

R= Azo9o/ (Azooo + Azo9o)
Em B
I

03 - -

02 -

0.1 —

oo b—L v v vy
o 10 20 30 40 50 60 70

X

Ge

Figure 3.6: Plot of the R factor, a measure of the relative FTIR absorption at 2090
cm to that at 2000 cm™ and 2090 cm'%, against the germanium crystal fraction Xge
for a number of nc-Ge/a-Si:H samples with Xce between 0 and 70%.
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— Chapter 4 -

Transport Properties of nc-Ge/a-Si:H films

4.1 — Conductivity

Measurements of the temperature dependence of the dark conductivity were
performed in a closed-cycle cryostat as discussed in Section 2.2.1, for samples with Xce
ranging from 0 to 75%. Figure 4.1 shows Arrhenius plots of the conductivity ¢ vs 1000/T
for just three samples, which were chosen to illustrate the three distinct regimes that were
found as Xge is varied. For low (Xge < 10%, red circles) and high (Xce > 25%, blue squares)
germanium crystal fractions, these data are well described by Equation (1.2),

o =0,exp[-E,_ /k;T], where oo is the pre-exponential factor and Es is the conductivity

activation energy. For Xce < 10%, £, ~ 0.75 eV, similar to previous measurements of pure,
undoped a-Si:H films [62] and for Xce > 25%, E, ~ 0.4 eV, consistent with other

measurements of germanium nanocrystal films [63].

Samples with intermediate crystal fractions show significant curvature on an
Arrhenius plot, however. In order to more accurately determine the conductivity
temperature dependence, the “reduced activation energy” is calculated using a procedure
developed by Zabrodskii and Shlimak [64]. The logarithmic derivative of the conductivity
w(T) =dIno/dInT is computed, and plotted against temperature on a log-log plot, shown in
the inset to Figure 4.1. Thermally activated conduction would yield a slope of -1, with
different activation energies represented as parallel lines. The calculations of the reduced

activation energies of the curves in Figure 4.1 indicate that conduction is thermally
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Figure 4.1: Arrhenius plots of the conductivity for three nc-Ge/a-Si:H films with
Xee 0f 3% (red circles), 14% (green triangles) and 39% (blue squares). The inset
shows calculations of the reduced activation energy vs. temperature on a log-log
plot for each curve in the main figure.

activated [65] with single activation energies for both the n- and p-type samples, while the
transition samples display conduction similar to that seen in the p-type films at low
temperature and conduction similar to that seen in the n-type samples at high temperature.
[We note that there is in fact a small but significant deviation from purely Arrhenius

behavior observed these films, which will be discussed in detail in Chapter 6. For the time
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being we will consider the conductivity in these films to be adequately described by a
thermally activated expression, Equation (1.2).] The measured conductivity of the Xce ~

14% film fits very closely to the sum of two activated conduction paths

o =0exXp {— k%} +0,exp {—ki—_zr} (4.2)
with activation energies E1 = 0.77 eV and £ = 0.43 eV, corresponding to a-Si:H and nc-
Ge conduction, respectively. Figure 4.2 plots the measured conductivity for this film along
with the calculated fit and the exponential curves that comprise the fit curve. The inset to
Figure 4.2 shows the reduced activation energy calculation performed on each of these
curves and serves as further evidence of the quality of the fit. It is worth noting here that it
was possible to achieve a satisfactory fit of the conductivity using significantly different
values for the parameters o1,2 and 1,2, or even using a completely different functional form,

such as o(T)=o,exp[—(T,/T)*], as in Mott and Efros-Shklovskii variable-range

hopping [28,29]. However, because the reduced activation energy calculation is sensitive
to variations in the data, none of these other potential fits matched the reduced activation
energy of the measured data, as in the inset to Figure 4.2. Unlike n-type doped a-Si:H
containing silicon nanocrystal inclusions, there is no evidence of multi-phonon hopping in

the transition regime [31].

Figure 4.3 plots the activation energy against germanium crystal fraction for a series
of composite films. The thermally activated conductivity is always well described by a

single activation energy of ~ 0.75 — 0.8 eV for Xge < 10% and ~ 0.4 eV for Xge > 25%. For
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Figure 4.2: Arrhenius plot of the conductivity of the transition film with Xge =
14% from Figure 4.1 (green triangles). The red (circles) and blue (squares) lines
represent thermally activated conductivities with activation energies of 0.77 eV
and 0.43 eV, respectively. The dashed line indicates the result of adding the two
thermally activated expressions. The inset shows calculations of the reduced
activation energy vs. temperature on a log-log plot for the same set of curves.

the films with intermediate germanium content, the activation energies shown in Figure
4.3 are those which yield good fits across the entire measured temperature range, as in

Figure 4.2.
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Figure 4.3: Plot of the activation energy obtained from Arrhenius plots of the
dark conductivity against germanium crystal fraction for a series of nc-Ge/a-
Si:H films. For films in the transition region (as in Figure 4.2), which are best
described by two activation energies, both values from high and low temperature
fits are plotted.

4.2 — Thermopower

The thermopower of composite nc-Ge/a-Si:H films was found using the
measurement system and technique described in Section 2.2.2. Figure 4.4a shows the raw
thermopower data for a single sample with a germanium concentration of about 0.1%. Each

group of connected data points represents a different T, from 350 to 450 K, and each data

point within a group is a different AT. All curves clearly display a negative slope over the
entire temperature range examined, indicating n-type conduction. Similarly, a film with

Xce = 54%, shown in Figure 4.4c, displays an induced voltage against temperature with a
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positive slope, indicating p-type conduction. In contrast, a film with an intermediate
germanium concentration of Xge = 18%, shown in Figure 4.4b, displays a positive slope
near room temperature, and above ~ 370 K the slope of the plot of AV against AT has
rotated to a negative value. This measurement procedure was repeated for all of the films

synthesized, with 0% < Xge < 75%.

Figure 4.5 shows plots of the Seebeck coefficient against 1000/Tavg of the nc-Ge/a-
Si:H films with germanium crystal fractions ranging from 0% (pure a- Si:H) up to Xce =
75%. For all of the films for which Xce < 10%, a negative thermopower is observed,; fits of

these data to S =(k, /e)[Es /ksT + A] find a negative activation energy E; ~- 0.3 to -

0.5 eV, consistent with previous measurements of undoped a-Si:H [33]. For germanium
crystal fractions between approximately 10 < Xge < 25%, the thermopower exhibits a
temperature dependent transition to positive values at lower temperatures. For Xge > 25%,
the thermopower is positive for all temperatures examined, with a smaller, positive slope

of Eg ~+0.2eV.

These results are consistent with a transition from conduction through the a-Si:H at
low Xge to through the nc-Ge at high Xge. P-type conduction has been observed in bulk
single crystal germanium [66], polycrystalline germanium [67], single-crystal germanium
nanowires [68,69], Ge/Si core-shell nanowires [70-72] and Ge nanocrystals embedded
within a SiO2 matrix prepared by co-sputtering [63]. In nanoscale materials, p-type
transport has been attributed to a hole accumulation layer in the germanium nanocrystals
due to acceptor-like surface states [69,71]. This is in contrast with hydrogenated

microcrystalline germanium, which has been found to have an n-type thermopower with
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Figure 4.4: Plots of measured voltage vs. temperature for three samples with (a)
Xee ~ 0%, (b) Xge ~ 18%, and (c) Xee ~ 54%. Each curve on the plots represents the
voltage measurements at temperatures T = Tayg £ AT/2 and T = Tay. Note change
of scale for Figure 4.4a. A negative slope indicates n-type conduction, while a
positive slope indicates p-type conduction.
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Figure 4.5: Measured Seebeck coefficients plotted against 1000/Tavg for nc-Ge/a-
Si:H thin films with Xee = 0 (pure a-Si:H) to Xge = 75%.

grain diameters as small as 5 nm [73]. It is possible that a hole accumulation layer arises
due to interfacial effects between the germanium nanocrystal and surrounding silicon

atoms or polymers, which are not found in microcrystalline germanium.

Figure 4.1 and Figure 4.5 find that the dark conductivity activation energy & is
larger than the thermopower activation energy E in both the low and high Xge regimes.

The difference in activation energies in a-Si:H is well-known, and is typically ascribed to

the influence of long-ranged disorder, such as potential fluctuations or composition
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modulations, on electronic transport [21,62]. However, a difference in activation energies
IS not expected in crystalline materials, and the difference found here for the Xce > 25%
films may be due to energy barriers associated with the grain boundary region surrounding

the nanocrystals.

Note also that if the transition from n-type to p-type transport were due to the
addition of holes in the a-Si:H matrix, donated from the nc-Ge, then one would expect the
activation energy of the a-Si:H to initially increase with increasing Xce when the Fermi
energy is pulled towards midgap, and then decrease with increasing germanium
concentration as the Fermi energy moves towards the valence band edge. That this is not
observed in Figure 4.3 supports the model of two distinct conduction channels, through the

a-Si:H and through interconnected nc-Ge chains.

4.3 — Discussion

The nc-Ge/a-Si:H thin films display a transition from n-type to p-type conduction
as Xae Is increased, and for samples with 10 < Xge < 25% , a transition from n- to p-type is
observed as the temperature is increased. For samples with an n-type thermopower, the
conductivity is well-described by an Arrhenius expression with activation energy £5~ 0.8
eV. For samples with a p-type thermopower, the activation energy is ~ 0.4 eV, and
transition samples see a transition between the two activation energies, corresponding very
well to the transition in the sign of the thermopower. The simplest explanation for this
behavior is that the n-type samples show conduction through the a-Si:H, the p-type samples
show conduction through the nc-Ge, and in the transition samples, current flows through

both phases, weighted by the germanium crystal fraction. This is a dual-channel picture,
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which has been studied in other systems and can be imagined as two parallel resistors, one
composed of a-Si:H and the other of nc-Ge, as in Figure 4.6. The a-Si:H resistor is
intrinsically n-type with an activation energy of ~ 0.8 eV and the nc-Ge resistor is
intrinsically p-type with an activation energy of ~ 0.4 eV. For samples with small crystal
fractions, we can imagine the a-Si:H resistor has a large cross-section while the nc-Ge
resistor has a very narrow cross-section. The resistance of the nc-Ge resistor is then much
larger than the resistance of the a-Si:H resistor, and much more current flows through the
a-Si:H, so the sample is n-type with an activation energy of ~ 0.8 eV. For samples with
large Xce, the opposite holds and the sample is p-type with an activation energy of ~ 0.4
eV. For samples with intermediate Xce, the resistances of each resistor are relatively
similar, so current flows through both. The difference in activation energy between the two
phases means that as the temperature is increased, the resistance of the a-Si:H phase
decreases faster than the resistance of the nc-Ge phase, and a larger percentage of the total

current passes through the a-Si:H.

AT

Figure 4.6: Cartoon representation of the dual-channel model describing
conduction through these nc-Ge/a-Si:H samples. One imagines consolidating all
the germanium nanocrystals into a single sample, and the remaining a-Si:H film in
a separate sample, then measuring across the parallel combination of the two
samples.
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The dual-channel model has been studied extensively in the context of metal alloys
and composites [74], and these results can be applied here. The conductivity o(T) of the
composite material is simply a sum of the a-Si:H and nc-Ge conductivities, weighted by

the germanium crystal fraction Xge,

o(T)=(1-Xg, )05 + X500 (4.2)

where oce IS the conductivity of a pure nc-Ge sample and osi is the conductivity of a pure
a-Si:H sample. The resulting thermopower for this system is determined from the number
of charge carriers in each phase and their mobilities, so it is weighted not by the volume
fractions but by the fractional conductivities of each phase.

(1 Xe)T6Ssi + X geTeSce
o(T)

SM)= (4.3)

Figure 4.7 shows a plot of the calculated thermopower for samples with a variety
of germanium crystal fractions using the two-band expression, Equation (4.3). The values
for osi and Ssi, and oce and Sge are taken from measurements from Xge = 0% (pure a-Si:H)
and Xee = 60% films, respectively. The calculated Seebeck coefficients for samples with
Xee < 10% are negative at most temperatures, and for samples with Xge > 25%, the
calculated Seebeck coefficients are mostly positive. More importantly, for transition
samples with 10% < Xge < 25%, the calculated Seebeck coefficient in Figure 4.7 changes
from p-type at low temperatures to n-type at higher temperatures, in general agreement
with the data. However, the calculated transition is much more gradual than what is actually

observed in Figure 4.5. For samples with Xce ~ 1-5%, the measured data is overwhelmingly
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Figure 4.7: Plot of calculated Seebeck coefficient against 1000/Tayg for
temperatures between 350K and 450K and for Xge = 0 to 60% using the simple
volume fraction model, Equation (4.3).

n-type and a-Si:H-like at all temperatures. However, the naive two-band expression
predicts significant influence by the nc-Ge at lower temperatures, which is not seen in the
data. Similarly, for samples with Xge ~ 25-30%, the two-band expression predicts
significant influence by the a-Si:H phase at higher temperatures, which also not apparent

in the data.

That the model does not grasp the entirety of the physics in these materials is not

surprising, however. For example, the two-band model requires that the nc-Ge phase
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percolates at all values of Xge, Which is clearly not the case for small Xge. Simulations for
randomly packed hard spheres find that percolation occurs at a volume fraction of ~
20% [75-77]. However, a recalculation of the thermopower from a standard percolation
perspective would not be appropriate either, because the conductivities of the two phases
are within a few orders of magnitude of each other. It is therefore reasonable to expect that
any non-percolating superclusters of germanium nanocrystals may significantly affect the
overall conductivity. Such sub-threshold clusters are normally not discernable in transport
data. However, the fact that the two phases have differing signs for their majority carriers

allows us to see the effects of non-system spanning clusters at lower Xge values.

While an exact treatment is difficult, some simple modifications to the two-channel
model can significantly improve its accuracy. For Xge < 10%, both the measured
conductivity and thermopower activation energies are constant and similar to those of pure
a-Si:H. In this regime, clusters of nanocrystals will not span the entire sample, so any
current path that includes a nanocrystal cluster must also pass through the a-Si:H. As a
result, those current paths that include nanocrystals would need to overcome the band
offsets between the two materials, as sketched in Figure 4.8. This cartoon illustrates the
conduction and valence bands at the a-Si:H/nc-Ge heterojunction; the magnitudes of
contributions to band offsets from Si-Ge alloying, strain fields and surface charges at the
nanocrystal interface are not well known and are not included in this simple sketch.
Computer simulations [78,79] and scanning tunneling spectroscopy measurements [80]
find that the energy gap of 4 nm Ge nanocrystals is approximately 1.4 eV due to quantum
confinement effects. The a-Si:H is n-type and the nanocrystals are p-type, therefore current

paths that enter and then exit a nanocrystal would effectively see an n-p-n junction. This
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Figure 4.8: Simple sketch of the band offsets for a-Si:H and nc-Ge, assuming
equilibrium conditions. The bandgap of nc-Ge is estimated to be 1.4 eV for 4

nm crystals, and the boundaries between the nc-Ge and a-Si:H phases are
assumed to be smooth.

would significantly increase the resistance of such current paths, resulting in a smaller

current through the germanium nanocrystals than predicted by the two-channel model.

At a particular crystal fraction, the clusters would become sufficiently extended that
the higher conductivity of the germanium nanocrystals would begin to outweigh the
resistance associated with charge transport into and out of the nanocrystal phase, and
conduction would begin to flow through the nanocrystals. This would be particularly
important at lower temperatures, where the resistance of the a-Si:H matrix is high. In
addition, even once an extended chain of germanium nanocrystals is formed, the
conductivity of this phase would be less than expected from the two-channel model because
many of the nanocrystals may form dead ends or loops which do not contribute to the

conductivty of the Ge phase [77]. Note that in Figure 4.2, the magnitude of the p-type
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conductivity curve needed to fit the data for a transition film is ~ 30 times smaller than the

conductivity of film with Xee > 25% in Figure 4.1.

For Xce > 25%, we find that there is a much smaller contribution to the
thermopower from the a-Si:H phase than predicted by the two-channel model. This means
that, while up to 75% of the material is composed of a-Si:H (as determined from Raman
measurements), a much smaller fraction appears to contribute to electronic charge transport
across the sample. It is possible that the inclusion of Ge nanocrystals disturbs the
surrounding a-Si:H, either structurally or electrically, resulting in a shell of non-conducting
a-Si:H around each chain of germanium nanocrystals. A non-conducting region may be
related to oxidation of the a-Si:H film, which was found to be strongly dependent on Xce
in the FTIR measurements in Section 3.4. This leads to two related effects: first, there
should be a drastically decreased contribution to transport from clusters of nanocrystals or
a-Si:H regions that do not span the entire sample, assuming the non-conducting shell is
wide enough to present a significant tunneling barrier. This has the same effect as the band
offset argument above for Xge < 10%, and the actual case may be a combination of both
effects. Second, though the a-Si:H phase would normally percolate across the sample until
Xee ~ 80%, the non-conducting shells would lead to the disruption of a percolating path in
the a-Si:H at a smaller value of Xge. Through a simple calculation, shown in Appendix A,
in which a 1.4 nm thick non-conducting shell is added to every Ge nanocrystal, conduction

through the a-Si:H would be completely disrupted due to percolation at Xge ~ 20%.

Not mentioned so far in this discussion is what role, if any, the porosity of the nc-
Ge/a-Si:H films plays. Briefly mentioned in Section 3.3, RBS and profilometry

measurements from the same samples indicate that as Xge increases, so does the void
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fraction. In fact, as shown in Figure 4.9, the void fraction increases faster than the volume
fraction of germanium, and is about 3-4 times larger than the %Ge for all Xge. For Xce >
25%, the total volumetric percentage of a-Si:H film (%Si in Figure 4.9) is less than 50%.
The presence of voids inside the film should have a significant effect on the ability of the
a-Si:H to percolate in films with large Xge. Accounting for voids, the percolation threshold
for the a-Si:H phase is at Xce ~ 45%, rather than at Xce ~ 80% as stated above. On its own,

however, this doesn’t completely resolve the discrepancies between the measured

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlllllllllllllllllll

100 @ —

90' e - ® -%S1 .

N - W - %Ge ]

80 \‘ - v -%Voids m

\

70 - N . 4 7
= B \ P =
S 60 //’ -
8 R .\‘ ,’ 4
Yo -

d‘j 50 |- N P -
| N 24 J
~N

40 - A O -

N 'd ~ 4
' ~
30 |- A 4 S o -
L P .\\ .
| , o m--- J
0 -m 8 —
i _m- _
= -
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 10 20 30 40 50 60
XG
(5

Figure 4.9: Plot of the calculated volume fractions of the a-Si:H phase (%Si),
nc-Ge phase (%Ge) and voids as a function of germanium crystal fraction for
the eight samples measured by RBS. For each sample, the three phases add to
100%.
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thermopower data in Figure 4.5 and the two-band model in Figure 4.7, which suggest the

percolation threshold of the a-Si:H phase occurs near Xce ~ 15 — 25%.

As discussed in Chapter 3, the presence of nc-Ge corresponds with an increase in
oxidation of the a-Si:H film. A reasonable postulate is that the oxidation occurs at the
surfaces of the voids, which are introduced concurrently with the nc-Ge. The decrease in
the conductivity of the a-Si:H phase for Xce > 5% may then arise from a layer of partially
oxidized amorphous silicon near the void surfaces. A basic calculation of the thickness
required to induce a percolation transition in the a-Si:H phase due to a non-conducting shell
around the void phase, if one assumes voids of the same size and shape as the germanium
nanocrystals, i.e. 4 nm diameter spheres, is performed in Appendix B. The calculation finds
a very thin, 0.75 nm or ~ 3 atoms thick, non-conducting shell would be sufficient to meet

the percolation threshold in the a-Si:H phase at Xce = 25%.

If it really is the case that the current passing through the a-Si:H phase is being
decreased due to percolation effects as Xge increases, the magnitude of the conductivity
will be noticeably changed in the n-type regime. For small Xge, in the absence of any
percolation effects, the magnitude of the n-type conductivity should decrease linearly with
Xee. However, our measurements find a much faster decrease, shown in Figure 4.10. While
the scatter in the data hinders a conclusive determination of the exact functional form of
the conductivity decrease, it clearly proceeds faster than linearly, and may be described by
an exponential or power law. If the a-Si:H phase reaches its percolation threshold near Xce
~ 25%, we would expect the decrease in conductivity to follow a power law with critical
exponent between 1.6 and 2, as Xce approaches the percolation threshold [81,82]. The

power-law fit line shown in Figure 4.10 has exponent -2, indicating that these
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Figure 4.10: Plot of the conductivities at 450 K of a number of samples with
different germanium crystal fractions Xge. Samples that are n-type at 450 K, as
measured by the thermopower, are represented as red circles. Samples that are
p-type at 450 K are represented as blue squares. The purple line crossing through
the n-type data points with 5 < Xge < 20% is a power-law fit reflecting the
expected decrease in the conductivity approaching the percolation threshold of
the a-Si:H phase.

measurements are indeed consistent with a percolation threshold of the a-Si:H phase near

XGe -~ 25%

It is possible to improve on the above calculation of the dual-channel model of
Figure 4.7 by incorporating the result of Figure 4.10 into the calculation of the conductivity
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in Equation (4.2). The original calculation assumes the conductivity of each phase is
independent of the germanium crystal fraction, however, the qualitative arguments above
indicate that such an assumption is unrealistic, primarily due to the effects of percolation.
To first order, the conductivity of a uniform material is constant far above and zero far
below the percolation threshold. Near the percolation threshold, it follows a power-law

expression.

At any temperature and germanium crystal fraction, the total conductivity through
the sample can be written simply as the sum of the conductivities of the n- and p-type

components

o(T, Xe) =0, (T, Xg.) +0,(T, Xg,) (4.4)

Incorporating percolation effects, the n-type component can be written as

0, (T, Xge) = (1= X))o (T)&, (Xee) (4.5)

where & (X)) is a temperature-independent factor accounting for the decrease in

conductivity of the n-type phase due to percolation. From Figure 4.10,

£ (X)) = 1 Xee <3% (456)
n Ge/ — A1T_2 XGe > 3% .
Similarly, the p-type component of the conductivity is
0, (T, Xge) = X0 (T)E, (X)) 4.7

and
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T" Xe <30%
x_y=]% ce 48
(%) { L S “8)

where n is estimated from Figure 4.10 to be equal to 5. Both A, and A, are chosen so that
& and & are continuous at 3% and 30%, respectively, though the derivatives of & and &
are discontinuous. Finally, the Seebeck coefficient is calculated in the same way as

Equation (4.3) from the fractional conductivities of each phase, that is,

O-n(T’ XGe)SSi +O—p(T’ XGe)SGe

S(T, Xge) = (T X)

(4.9)

and the results of this revised model are shown in Figure 4.11 for a variety of values of
Xge. In each subplot of Figure 4.11, red curves correspond to Xee < 10%, green curves to
10 < Xge < 25%, and blue curves to Xee > 25%. Figure 4.11a shows the calculated
conductivity as a function of 1000/T for Xge between 1 and 60%. Samples with Xge < 10%
show conductivities that are consistent with an Arrhenius expression with Es ~ 0.8 eV.
Samples with Xge > 25% show conductivities that are consistent with an Arrhenius
expression with Es ~ 0.4 eV over the entire temperature range. Samples with 10 < Xge <
25% show curvature indicative of a transition between Es ~ 0.8 eV at high temperatures
and E-~ 0.4 eV at low temperatures. This is in agreement with the measured conductivity
activation energies presented in Figure 4.2. Also, the magnitude of the conductivity at high

temperature reaches a minimum around Xge ~ 15%, nearly two orders of magnitude less

than at Xce ~ 0%, in agreement with Figure 4.10.

Figure 4.11b shows the fractional conductivity of the n-type components of the
conductivities shows in Figure 4.11a. This presents a clear view of the transition from pure
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n-type conduction (red) to pure p-type conduction (blue) and the temperature-dependent
transition (green). Figure 4.11c shows the calculated Seebeck coefficients for the same Xge
values as Figure 4.11a and b. Figure 4.11d repeats the measured Seebeck coefficient data
already presented in Figure 4.5 for comparison with Figure 4.11c. The calculated Seebeck
coefficients in Figure 4.11c show that, for Xee < 10%, conduction is purely n-type, and for
Xaee > 25%, conduction is purely p-type. As revealed in the measurements in Figure 4.11d,
the transition occurs only over 10 < Xge < 25%, which is successfully reproduced with the
present model. In contrast, the simple dual-channel model of Figure 4.7 shows a transition

from n-type to p-type conduction that spans approximately 5 < Xge < 40%.
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Figure 4.11: Plot of the calculation of the conductivity vs 1000/T using Equation
(4.4) (a) for a variety of germanium crystal fractions. Plot of the calculated
fraction of conductivity through the n-type phase vs 1000/T (b) for the same
values of Xge in (a). Plot of the calculated Seebeck coefficients vs 1000/T using
Equation (4.9) (c) for the same values of Xce in (a). Plot of the measured Seebeck
coefficients vs 1000/T from Figure 4.5 (d).
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— Chapter 5 -

Photo-Induced Enhanced Conductivity in nc-Ge/a-Si:H

5.1 — Background

As discussed in Chapter 1, much of the interest in amorphous silicon lies in its
promise as the basis for inexpensive photovoltaic devices. The original motivation for
embedding silicon nanocrystals in amorphous silicon arose out of an interest in exploring
any possible improvements in the transport properties under illumination. Studies of the
properties of nc-Ge/a-Si:H films were naturally extended to measurements of the
photoconductivity. The work presented in this chapter was done collaboration with Kevin
Nangoi, as part of his Senior Honors Thesis in 2013-2014, and it uncovered two results:
the germanium nanocrystals suppress the photoconductivity of the amorphous silicon, and
the germanium nanocrystals temporarily increase the dark conductivity of the film
following light exposure. The first result is not too surprising, as it is reasonable to expect
that the interfaces between a-Si:H and nc-Ge is highly disordered, leading to many defect

states that can trap electron or holes and lead to very fast recombination rates.

The second result is very surprising, however, and is reminiscent of past
measurements on a-Si:H and other disordered systems where Persistent Photoconductivity
(PPC) was observed. PPC has been seen in a wide range of materials systems, including
AlGaAs alloys [83], ZnCdSe alloys [84,85], conducting polymers such as poly(p-
phenylenevinylene) [86], compensated hydrogenated amorphous silicon (a-Si:H) [87], and

doping modulated amorphous silicon superlattices [88-90]. The observed magnitude,
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temperature dependence and relaxation time of the PPC effect is not identical for these
various systems, and accordingly, different models have been proposed to account for these
observations. However, all of the systems that display Persistent Photoconductivity have

one important feature in common: they are all photoconductive.

The lack of photoconductivity in these nc-Ge/a-Si:H films makes them unique.
Consequentially, Persistent Photoconductivity is neither an appropriate name nor
description, and a fundamentally new explanation is required. This chapter will detail
measurements of the light-induced enhanced conductivity of nc-Ge/a-Si:H films, including
a discussion of its dependence on Xge and its decay after the light has been turned off,

followed by a proposal of a possible physical interpretation of these results.

5.2 — Light-Induced Enhanced Conductivity

This section will discuss the generation of the light-induced enhanced conductivity
in nc-Ge/a-Si:H films with Xce between 0 and 30%. As detailed in section 1.2, pure a-Si:H
thin films experience a dramatic increase in conductivity when exposed to absorbing
illumination. When the film is in state A, after metastable defects have been removed by
annealing above 450 K for at least 30 minutes, light exposure causes an increase in the
conductivity by 4-6 orders of magnitude as a result of the generation of electron-hole pairs
following the absorption of photons with energies larger than the bandgap, 1.8 eV. Due to
metastable defect creation (the Staebler-Wronski effect), the photoconductivity decreases
as illumination continues, and when the light is turned off, the dark conductivity does not
return to its original value, but rather decreases by up to several orders of magnitude below

its state A value. The film is termed to be in a metastable state B [22]. The photosensitivity
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is typically defined as the ratio of the photoconductivity o, to the dark, state A

conductivity o,,

Uph (t)

Oa

photosensitivity(t) = (5.1)

Calculations of the photosensitivity as a function of light exposure time for a number of
nc-Ge/a-Si:H samples are shown in Figure 5.1. For nc-Ge/a-Si:H samples with very low
germanium nanocrystal content, Xce < 3%, the initial photosensitivity is large, and the
photosensitivity decreases as the light exposure time increases due to the SWE, similar to
what is seen in pure a-Si:H films. As Xge increases, the initial photosensitivity decreases,
and for large Xce, there is little or no photosensitivity. A decrease in photoresponse is also
found in hydrogenated amorphous Si-Ge alloys produced via PECVD, in which the
addition of a small amount of Ge to an a-Si:H film results in a sharp decrease in the
photoresponse [91-93]. However, in these materials, the photoresponse remains well
above unity regardless of the germanium concentration. The decrease in photoresponse is
attributed to the preference of H atoms to bond with Si rather than Ge, resulting in a large

defect density from the unhydrogenated Ge atoms [94,95].

Surprisingly, over very long light exposure times (> 24 hours), the photosensitivity

appears to increase for samples with Xce > 5%. Because o, is a constant in the calculation

of the photosensitivity, the apparent increase in the photosensitivity of these samples must

be a result of an increase in the photoconductivity, o .
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Figure 5.1: Plot of the photosensitivity as a function of light exposure time for
multiple nc-Ge/a-Si:H samples. Each photosensitivity curve is calculated from
Equation (5.1).

In the measurements for Figure 5.1, the light was turned off at regular intervals
during the light exposure and the dark conductivity was measured as a function of time as
well, albeit intermittently. The dark conductivity as a function of time during the light
exposure is plotted in Figure 5.2, revealing that the apparent increase in the photosensitivity
at long time scales in Figure 5.1 is not due to an increase in the photoconductivity at all,
but rather an increase in the dark conductivity. It is then appropriate to define the

photoresponse as
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O-ph (t)

photoresponse(t) =
o dark (t)

(5.2)

using the dark conductivity at the same time t instead of o, which is the dark conductivity

at t = 0. Figure 5.3 shows that the photoresponse, Equation (5.2), does not increase with

time, and is equal to unity at all times for the samples with the largest Xce.
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Figure 5.2: Log-log plot of the ratio of the dark current o,(¢) after exposure to
light for time t, to the initial state A conductivity o, for a number of nc-Ge/a-
Si:H samples. Each data point was taken after turning off the lamp and allowing
the sample temperature to stabilize, and the light exposure time is the cumulative
time the sample was exposed to the light. The black dash-dotted line marks
o, /o, =1, thatis, no change from the state A conductivity. Samples with the
same symbol are from the same deposition run, and this plot combines samples
from two different deposition runs.
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Samples with very low Xce < 2% display optoelectronic behavior very similar to
pure a-Si:H, dominated by the Staebler-Wronski Effect. Samples with larger Xce > 10%
show no Staebler-Wronski Effect and little or no photoresponse, but exhibit a photo-
induced enhanced conductivity. For samples with moderate Xce between 3 and 8%, there
is a convolution of the two effects. These samples all display photoresponses larger than
unity that decrease with light exposure and dark currents that increase with time. In the
case of the sample with Xge ~ 3%, the dark current initially decreased, then increased after
10° seconds (about 1 day). The magnitude of this increase in the dark current in Figure 5.2

loosely correlates with Xge, but there is significant variation between samples.
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Figure 5.3: Plot of the photoresponse as a function of the cumulative light
exposure time, calculated used Equation (5.2), for the data in Figure 5.1 and
Figure 5.2.
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The symbols in Figure 5.2 denote samples that originate from the same deposition run, and
with the exception of the black triangles, Xee ~ 29%, the inconsistencies disappear when
considering only samples within the same deposition run. The sample with Xge ~ 29% is a
fundamentally different sample from the rest, as it displays p-type conductivity with an
activation energy ~0.4 eV. As described in Chapter 4, this sample exhibits conduction
through the nc-Ge phase and very little transport is believed to occur through the a-Si:H,

unlike the other 7 samples presented here which are all n-type or transition samples.

5.3 — Metastability

The PPC effect in doping modulated amorphous silicon and compensated a-Si:H,
as well as the SWE in a-Si:H, is metastable and can be removed by annealing at 470K. In
these materials, the annealing time can be quite short, and only thirty minutes at 470K is
typically sufficient to remove all metastable light-induced conductance changes and restore
the film to its state A condition. In contrast, we have found that anneals of over 17 hours
are necessary in order to remove the photo-induced excess conductivity in the nc-Ge/a-
Si:H films. That the photo-induced excess conductivity is not removed as easily as other
metastable opto-electronic effects is perhaps not surprising, considering that the time scale
for the generation of the photo-induced excess conductivity is so long. In Figure 5.1, the
time before the excess conductivity becomes noticeable is on the order of tens of hours,
while the SWE and other photo-induced metastable characteristics reported previously

become significant after minutes or even seconds of illumination.

To investigate the nature of the photo-induced excess conductivity, the decay of the

excess conductivity was studied at different temperatures. For these measurements, the
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film in state A is illuminated at 320 K for texp = 8.6 X 10* sec, and then the dark current is
monitored as a function of time at this fixed temperature. The film is then re-annealed into
state A, and cooled to 350 K, where it then receives the same light exposure as before. The
time dependence of the dark conductivity after illumination is monitored at this new

temperature. This procedure is repeated for measurement temperatures of 380K and 410K.

The results of this measurement for a single sample with Xge ~ 16% are shown in
Figure 5.4, which features a log-linear plot of Ac,(t)/Acz(0) vs t, where
Aoy (t) =0,(t)—os(t=x), Acy(0)=0,(0)—ogz(t=mx), oy(t=00) is the extrapolated
long-time value of the dark conductivity o, following light soaking, and o (0) is the dark

conductivity 500 sec after illumination is stopped, in order to ensure a stable temperature
during the conductivity measurements. That is, the y-axis in Figure 5.4 is the conductivity,
normalized to unity at t = 500 sec and to zero at t = co. When normalized in this manner, a

stretched exponential time dependence for o, is observed for the SWE in intrinsic a-

Si:H [96] as well as the PPC effect in alternating doped multilayer films [97,98] and

compensated a-Si:H [99]. That is, for these systems Aoy (t)/ Ao, (0) =exp[—(t/7)”]
where g =T /T, is temperature dependent and less than unity, and T, is a material property
that is typically around 600 K. In contrast, the decay of the normalized Aoy (t)/ Aoy (0)

for the nc-Ge/a-Si:H film in Figure 5.4 is well described by a simple exponential time

dependence (that is, £ =1).

More striking is the absence of a temperature dependence in the time constant zfor

the decay of the photo-induced excess conductivity in Figure 5.4. For both the PPC effect
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and the SWE effect in a-Si:H based materials, the decay time constant is thermally

activated 7 = 7, exp[E, / k;T], where ¢, is the activation energy, k; is Boltzmann’s
constant and T is the temperature. Studies of the SWE in a-Si:H find E_ = 0.94 eV, [98]
while PPC in doping modulated a-Si:H multilayers exhibited a decay with E. = 1.1
eV [22] and E, = 0.55 eV in compensated a-Si:H [100]. In contrast to these systems, the

time dependence of the relaxation of the photo-induced excess conductivity in

1
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Figure 5.4: Log-linear plot of the decay of the photo-enhanced excess
conductivity versus time for a single film with Xge ~ 16%. The y-axis is the dark
conductivity measured after 24 hours of illumination, normalizedto 1 att =0

and to zero at t = 0. The dashed lines are exponential fits to each curve, which
represents the decay at temperatures between 320 K and 410 K.
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nc-Ge/a-Si:H is temperature independent between 320 and 410 K, where zis 3.1 — 3.7 X
10* seconds. As shown in the Arrhenius plot of the decay time zin Figure 5.5, the relaxation
of the photo-induced excess conductivity for nc-Ge/a-Si:H is characterized by E. ~ 0 eV.

This accounts for the much longer ‘annealing time’ necessary to restore the state A

conductivity in this film, as the elevated temperature is not significant.

5.4 — Discussion

This section will address a possible mechanism for the light-induced enhancement
of the dark conductivity in nc-Ge/a-Si:H. The photo-induced excess conductivity observed
in nc-Ge/a-Si:H is unlike other light-induced metastable conductance changes observed in

amorphous silicon-based material systems. Studies of light-induced conductivity changes
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in a-Si:H based materials suggest that hydrogen motion plays an important role in both the
PPC and SWE effects. The observed stretched exponential relaxation and activation energy
of ~ 1 eV for the decay time constant for the PPC and SWE effects have been shown to be
in quantitative agreement with measurements of the hydrogen diffusion coefficient in
amorphous silicon. In contrast, the simple exponential decay and temperature-independent
lifetime observed in nc-Ge/a-Si:H indicates that hydrogen motion is unlikely to be involved
in the photo-induced excess conductivity effect described here. Instead, the temperature-
independent relaxation of the excess conductivity state suggests that a tunneling process

governs the removal of this effect.

The other striking difference between the effect described here and other light-
induced metastabilities in a-Si:H-based systems is the absence of a photocurrent in nc-
Ge/a-Si:H. The lack of a photoresponse indicates that the density of recombination centers
in materials with large Xge is high enough to quench any photocurrent. In a-Si:H the most
common type of recombination center is a dangling bond defect, that is, a silicon atom with
only three covalent bonds to the surrounding network. As the concentration of germanium
nanocrystals is increased, the photoresponse of the resulting composite film decreases
uniformly, until a photoresponse of unity is found for Xge > 13%. A similar decrease in
photosensitivity has been observed in a-Si:H containing silicon nanocrystalline inclusions
fabricated in the same dual-chamber co-deposition system, though for the a/nc-Si:H films
the photosensitivity is ~ 102 even for films with crystalline content of 10 — 20% [13]. For
these films the reduction in photoconductivity is associated with an increase in dangling
bond density, as reflected in electron spin resonance and constant photocurrent

spectroscopy measurements [101]. Preliminary measurements on the nc-Ge/a-Si:H
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samples presented here using the constant photocurrent method show an increase in the
midgap density of states, as well as a decreased bandtail slope as Xge is increased. It is thus
not unreasonable that the decrease in photoresponse seen here is also due to additional

dangling bonds introduced into the composite film with the nc-Ge inclusions.

We therefore suggest the following speculative model. When germanium
nanocrystals are embedded in the a-Si:H film, they introduce many dangling bond defects
in the surrounding material. Upon light exposure, this excess of dangling bond defects
causes very rapid recombination of photo-generated electron-hole pairs, decreasing the
photoresponse. Simultaneously, any metastable defect creation due to the Staebler-
Wronski Effect is overwhelmed by the large defect density already present. This draws a
parallel to the opto-electronic response in unhydrogenated amorphous silicon, which has

no photoresponse or SWE due to its large density of midgap defects.

In the nc-Ge/a-Si:H films, a fraction of the defects may reside in or near the grain
boundary regions surrounding the nanocrystalline inclusions. In fact, following the
discussion in Section 3.4, it is likely that the defect density is larger in the a-Si:H
surrounding germanium nanocrystals, compared to the bulk a-Si:H film far from any
nanocrystal inclusions. As sketched in Figure 4.8, it is energetically favorable for free holes
to reside in the nanocrystalline germanium phase, while free electrons achieve a lower
energy in the amorphous silicon phase. If a photo-generated hole is trapped at a defect site
in the grain boundary of a germanium nanocrystal, the hole would have a probability of
tunneling into the nanocrystal itself, thereby becoming unavailable for recombination with

a photo-excited electron, which would remain in the a-Si:H phase.
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The effect of this tunneling process would be to add additional free electrons to the
surrounding a-Si:H matrix during illumination which would remain after the illumination
is stopped, along with excess holes added to the nc-Ge. As discussed in Chapter 4,
thermopower studies of the nc-Ge/a-Si:H films show that the a-Si:H is n-type, while
conduction through the nc-Ge is p-type. This charge trapping process would enhance the
conductivity of both the amorphous silicon and nanocrystalline germanium phases. The
enhanced conductivity would persist until the holes tunnel out of the nc-Ge back into the
a-Si:H, at which point they are able to recombine with the excess electrons. This process
is similar to the one put forth to account for PPC in compensated a-Si:H and doping
modulated amorphous silicon multilayer films, but in these systems the metastable hole
trap is associated with boron-complexes that undergo a structural reorientation upon
charged trapping [87]. Studies of the photo-induced excess conductivity as a function of
nc-Ge concentration and surface treatment of the nanocrystalline inclusions are underway

to further elucidate this tentative theory.
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— Chapter 6 —

Non-Arrhenius Conductivity

This chapter returns to the conductivity measurements performed on the nc-Ge/a-
Si:H films originally presented in Section 4.1. While the previous discussion described the
conductivity in the context of understanding the influence of adding more germanium
nanocrystals to the a-Si:H film, this section focuses on a more fundamental question: by
what mechanism does charge transport occur through these samples? Of course, this
question was answered in Section 4.1, where | claimed that transport in both n- and p-type

samples (that is, Xce < 10 % and Xge > 25%) was thermally activated with E_ ~0.8 eV and

~ 0.4 eV, respectively. This chapter will show that transport in these films is in fact not
thermally activated, and a theory that more accurately describes the conductivity data,

developed for a-Si:H in the 1980s, will be described.

6.1 — Results

In thermally activated transport processes, the conductivity depends exponentially
on the inverse of the temperature, that is, an Arrhenius plot of ovs. T gives a straight line
where the slope is the activation energy Es Close inspection of the n- and p-type
conductivity curves (red circles and blue squares, respectively) in Figure 4.1 reveal that
there is a very slight curvature. On its own, this slight curvature would not be sufficient
justification to question whether transport is indeed thermally activated. Previously
published studies of the temperature dependence of a-Si:H films commonly display larger

deviations from a straight line, or do not have dense enough data points to make a definitive
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claim one way or another [3,22,26,27,102,103]. In these cases, the data is described well
enough by an Arrhenius expression that other common transport mechanisms such as Mott
or Efros-Shklovskii variable-range hopping are excluded from consideration. However, the
reduced activation energy calculations in the inset of Figure 4.1 are very sensitive to any
curvature in the original data, and it is in these plots that consistent deviations from an
Arrhenius expression can be identified. Figure 6.1 shows log-log plots of the reduced
activation energy calculations vs. temperature for four nc-Ge/a-Si:H samples from different
deposition runs, with Xge from 3 to 29%. Each plot shows calculations of the reduced

activation energy for potential conductivity temperature dependences of the form

o(T) = o, exp[ (T, /T)"] (6.2)

where « is equal to -1 (gray), -3/4 (green) or -1/2 (violet) for different nc-Ge/a-Si:H
samples. Each of the three model curves presents a straight line in a log-log plot of the
reduced activation energy vs. temperature, and the slope of the line is equal to the value of
k. When x = -1, Equation (6.1) simplifies to the expression for thermally activated
conduction, as in Equation (1.2). When x = -1/2, the expression for Efros-Shklovskii
variable-range hopping is recovered, and x = -1/4, which is not shown in Figure 6.1, would
correspond to Mott variable-range hopping. All four samples in Figure 6.1 display a
conductivity temperature dependence that is inconsistent with the x=-1 and x=-1/2 model

curves, and match very closely to the x = -3/4 model curve.

Figure 6.2 shows the conductivity data from the n-type sample in Figure 3.9, plotted

against 1000/T (violet) and T¥* (green). The black lines overlaying the data are both

straight lines, and the plot vs 1000/T shows noticeable curvature over the entire temperature
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Figure 6.1: Log-log plots of the reduced activation energy versus temperature
for four nc-Ge/a-Si:H samples with germanium concentrations as determined
by Raman measurements included. Overlaid on each plot are model curves of
the formo (7)) = o, exp[—(T, /T)*] where x is equal to -1 (gray), -3/4 (green)
and -1/2 (violet).

range, while the plot vs T

shows no detectable curvature. These analyses were
performed on a number of nc-Ge/a-Si:H samples, and in no case did the conductivity data
match the thermally activated expression, x = -1. In every case, x = -3/4 more closely

matched the data, however x = -3/4 does not correspond to any commonly seen or well-

understood theory of conduction in disordered semiconductors.
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For nc-Ge/a-Si:H samples with Xge > 25%, conduction occurs through percolating
chains of germanium nanocrystals; the boundaries of each nanocrystal may present
significant barriers to conduction. One expects that adjacent nanocrystals would not have
matching crystal lattice directions, creating a narrow region of disordered material, and
oxidation may present a potential barrier between nanocrystals as well. For these reasons
and more, it is perhaps unsurprising that the expression for thermally activated conduction
does not match the measured data. For the samples with Xce < 10%, however, conduction

occurs only through the a-Si:H phase, and a-Si:H has been described as displaying
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Figure 6.2: Plot of the temperature dependence of the conductivity of a nc-Ge/a-
Si:H sample with Xge ~ 3%, when plotted against 7' (violet curve) and 7°%
(green curve).
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thermally activated conduction for decades. If there are regions of enhanced disorder in the
a-Si:H due to nearby nc-Ge, the conductivity of these regions would be degraded relative
to the bulk of the a-Si:H phase. These regions would then play little to no role in the total
conductivity of the sample, especially for samples with very small Xge, as in the case of the
sample in Figure 6.2. At any rate, it is quite simple to determine if the curvature seen in the
conductivity of the n-type samples is due to the presence of the nc-Ge in the material by

measuring a sample that has no germanium nanocrystals.

Figure 6.3 plots the reduced activation energy vs. temperature in a log-log plot for
a pure a-Si:H sample that has no nanocrystals of any kind. This sample was grown in a
single-chamber PECVD system from the decomposition of silane gas at low pressure and
power, as described in Section 1.1.1. Between room temperature and 400 K, a fit is found
in which x=-0.76, and the data is clearly inconsistent with thermally activated conduction
(x =-1) or Efros-Shklovskii VRH (x = -1/2), just as in nc-Ge/a-Si:H samples with Xge <

10%.

A summary of the conductivity measurements and Zabrodskii plots for a variety of
samples is shown in Table I. The table is split into five groups: pure a-Si:H samples which
were grown in a single-chamber configuration, nc-Ge/a-Si:H samples which show no
detectable nc-Ge content in Raman measurements, a/nc-Si:H samples which are a-Si:H
films with embedded Si nanocrystals instead of Ge nanocrystals, and nc-Ge/a-Si:H samples
with Xge < 10% and Xce > 25%. When fit to a simple thermally activated temperature
dependence, the activation energies for groups 1-4 are near 0.75 — 0.8 eV, consistent with

what is typically found for undoped a-Si:H [16,26]. For group 5, the activation energy is
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Figure 6.3: Log-log plot of the reduced activation energy for an a-Si:H sample
with no Ge nanocrystals, against temperature. Also shown is the expected
reduced activation energy for a 7' (gray) and 77"* (violet) temperature
dependence, and a fit to the data (black).

around 0.4 eV, as described in Section 4.1. However, the power-law exponent obtained
from the reduced activation energy analysis for all five groups is never found to be -1. For
the films in Table I, the «x values are closer to -0.75, however there is a fair amount of
scatter in the exact values. It appears that groups 1-4 have similar values of «; all between
0.71 and 0. 84, with the exception of sample 4d. Group 5 samples, in which the conduction
path is fundamentally different, appear to have smaller vales of x, though further study is

necessary to make these potential trends certain. However, the results summarized in Table
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| indicate that the conductivity is best described by Equation (6.1), where xis near 0.75 —
0.8. As a check on our analysis procedure, and the system in which these measurements
were made, a low-defect intrinsic c-Si wafer was measured in the same system. The
reduced activation energy analysis found a power-law exponent of -0.96, consistent with

Arrhenius behavior with a weakly temperature-dependent conductivity pre-factor.

Table I: Results of fits to o(T) = o, exp[E, /k;T] and
o(T) =o,exp[—(T, /T)*] for a variety of samples.

Sample Group Sample o, (= o, K
a 6.81E+3 0.761 1.08E+8 0.741
. b 5.37E+2 0.747 1.42E+6 0.764
1 purea-Si:H
c 3.82E+3 0.802 1.42E+6 0.843
d 1.04E+3 0.662 9.75E+4 0.830
a 2.37E+4 0.820 1.05E+7 0.813
, ne-Gefa-SiH b 2.03E+3 0.779 1.67E+7 0.743
Xee = 0% c 5.09E+3 0.747 1.24E+8 0.722
d 8.27E+2 0.720 8.17E+4 0.844
. a 6.76E+2 0.790 5.72E+6 0.737
3 ahncSiH b 583E+2  0.680 183E+3 0747
_ a 2.78E+3 0.775 2.62E+3 0.789
. ”‘;fi’al'gw b 9.79E+2 0.756 259E+3  0.795
;_type c 1.19E+3 0.744 1.55E+3 0.708
d 5.93E+1 0.745 5.21E+3 0.905
a 8.35E-2 0.476 1.15E+3 0.750
nc-Ge/a-Si:H b 9.82E-2 0.419 8.19E+2  0.695
5  Xge>25%
o-type c 7.01E-2 0.453 5.94E+2 0.639
d 1.87E-1 0.430 1.01E+3 0.736
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6.2 — Discussion

Previous studies on disordered non-metallic thin films have also found
conductivities described by Equation (6.1) with values of x near 0.75. An exponent x ~
0.75 % 0.05 was observed in the conductivity of ultra-thin disordered films of Ag, Bi, Pb
and Pd below 20 K [104], which, it was suggested, could result from the collective variable
range hopping model of Fisher et a. [105]. This model was developed in the context of
superconductor vortices, but can be adapted to disordered semiconductors. Additionally,
in samples of weakly coupled Au nanoparticles and ZnO quantum dot arrays, values of
were reported very close to 2/3 [106,107], which were ascribed to a modified Efros-
Shklovskii VRH which includes nonresonant tunneling based on local energy fluctuations.
Both of the systems in references [106] and [107] bear similarity to the nc-Ge/a-Si:H
samples with Xce > 25%, and indeed the values of x seen for these samples in Table I are

near to 2/3.

For samples in which conduction occurs through the a-Si:H phase, that is, Groups
1-4 in Table I, while the collective VRH model from reference [105] cannot be excluded,
a more promising theory is one suggested for transport in a-Si:H. This is a model proposed
by Monroe [108], and independently by Griinewald and Thomas [109] in which conduction
occurs via variable-range hopping through an exponential density of states, as in the
bandtails of a-Si:H. This model is distinguished from the VRH formulations of Mott and
Efros-Shklovskii in that it involves a different density of states; furthermore, the hopping

current flows through states near a “transport energy” that may be far from the Fermi
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energy, while the Mott and Efros-Shklovskii VRH models describe hopping through states

near the Fermi energy.

The transport energy model is usually thought to describe electronic transport in a-
Si:H at temperatures below 300 K, while at higher temperatures, conduction occurs via
electrons thermally activated above a mobility edge. It may be the case, however, that the
temperature at which activated conduction dominates is much higher in most a-Si:H
samples. As mentioned in Section 1.2 and sketched in Figure 1.4, a-Si:H has an exponential

density of states in the bandtails

9(e) = Nexple/ &,] (6.2)

&

where ¢is measured from the conduction band edge with & >0 inside the bandgap, &, is

the bandtail width and N is the total density of states, as determined from optical
spectroscopy and time of flight measurements [110,111]. Far from the Fermi energy, the

carrier concentration at ¢ is given by

dn(e) = g(e) exp[‘g;TgF }de (6.3)

where the factor exp[(e —&:)/KT] is the Fermi function at & and 0 <& < &- . When the
bandtail width &, is larger than kT, the carrier concentration increases as & moves into the

bandgap from the conduction band mobility edge. Following the discussion by Shklovskii

et al. [112], the conductivity at £is
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do(g) ~dn(g)D(e) (6.4)

where D(g) is the electron diffusion coefficient at £ given by
1.
D(¢) = 8 R(e)v(e) (6.5)

R(¢) is the average distance between nearest neighbor states at ¢,

R(g)= N7 exp{i} (6.6)
3g,
for an exponential density of states, while v(&) is the hopping rate at &,

v(e)=v,exp [_?TR} (6.7)

and a is the distance between adjacent atoms. Because v(g) is the exponential of an
exponential and dominates in Equation (6.5), D(s) decreases with a faster than exponential

energy dependence as e moves away from the mobility edge into the bandgap. The product
dn(¢)D(g) in Equation (6.4) is a sharply peaked function at some energy, called the

transport energy, where the vast majority of conduction occurs. The transport energy can

be calculated as

g =3¢, InE NV (%—1]} (6.8)
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provided that 35, >KT. For high temperatures or steep bandtail slopes where &, is small,
the solution for ¢, vanishes and conduction is dominated by carriers thermally excited to

and above the mobility edge. At moderate temperatures where Equation (6.8) is still valid,
the transport energy ¢, shifts towards the conduction band edge as temperature increases.
As a first approximation, the conductivity is described by an Arrhenius expression, where

g, Is a temperature-dependent activation energy, that is,

o(T) =0, exp{— kgtT } (6.9)

and an Arrhenius plot of ovs T displays curvature similar to that seen in Figure 6.2.

A somewhat more complete calculation of the conductivity is possible by
considering transport only through states a width W = 4/650kBT from the transport energy,

and assuming Equations (6.3) — (6.8) are constant over that width. A result from that
calculation is plotted in Figure 6.4 along with the data from the sample with Xge ~ 3% in
Figure 6.2 and Figure 6.1b, using the following parameters: &, = 50 meV, N = 10 cm=,
a=15nm, & =0.85eV and v, = 10" s. These values were chosen to achieve a close
fit in Figure 6.4a, and are all within reason for an a-Si:H film. Notably, the transport energy
model results in a conductivity temperature dependence that is identical to Equation (6.1),
as evidenced by the straight line in the reduced activation energy calculation of Figure 6.4a.
In Figure 6.4b, the model and measurement data are not artificially offset, and while the
model predicts the correct average activation energy Eo, it underestimates the conductivity
prefactor o, in the Arrhenius expression, Equation (1.2), by a factor of about 30; however,
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the mobility edge model also predicts a value for &, which is smaller than that found in

measurements, but by around 3 orders of magnitude [113].

Small adjustments to any of the input parameters can change the resulting

calculated values of E_ and x, but for conduction bandtail widths between 30 —60 meV,

x is generally between 0.9 — 0.7, in good agreement with the experimental results
summarized in Table 1. Hydrogenated amorphous silicon thin films frequently exhibit
Urbach energies between 50 — 100 meV [114], which implies conduction bandtail widths
of 25 — 50 meV, in reasonable agreement with our calculations. It is important to note that
while simulations based on Equations (6.3) —(6.8), when plotted as in Figure 6.4, agree

with our observations, this model does not provide closed-form expressions for xor T, in

terms of material parameters for a-Si:H. A more complete theory for Equation
(6.8), either involving variable-range hopping through exponential bandtail states or some

other conduction mechanism is needed.
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Figure 6.4: (a) Log-log plot of the reduced activation energy versus temperature
and (b) Arrhenius plot of the conductivity versus 1000/T for the sample in Figure
6.1a and Figure 6.2. In both of these figures, the data is shown in red and the
transport energy model is shown in violet. In Figure 6.4b, the black lines
represent best fits to an Arrhenius temperature dependence, yielding average
activation energies £_=0.75 and 0.78 eV for the data and model, respectively.
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— Chapter 7 -

Conclusions

In this thesis, | have described the synthesis and characterization of nc-Ge/a-Si:H
thin films, composed of hydrogenated amorphous silicon with embedded germanium
nanocrystals. These samples are fabricated in a dual-chamber dual-plasma co-deposition
PECVD system, in which the nc-Ge are synthesized in an upstream reactor and injected
into a separate downstream plasma in which the a-Si:H thin film grows. The nc-Ge are
dispersed and embedded in the growing a-Si:H film such that a series of samples is
produced in which only the concentration of nc-Ge is varied. Raman spectroscopy
measurements are used to determine the nc-Ge concentration Xce, and samples with Xce
between 0 and 75% are studied. FTIR measurements indicate that the disorder of the a-
Si:H film increases as Xce increases, and there is a concurrent increase in the level of

oxidation present in the film.

Measurements of the dark conductivity and thermopower on these samples indicate
a transition from transport through the a-Si:H phase to transport through the nc-Ge phase
as Xge increases. The transition is gradual, occurring between 10 < Xge < 25%, and within
that regime, a temperature-dependent transition is also observed such that n-type transport
is seen at high temperatures and p-type transport at low temperatures. For small Xge < 10%,
the conductivity is nearly thermally activated with activation energy E-~ 0.8 eV and the
thermopower is n-type with activation energy Es ~ - 0.4 eV, similar to previous reports of

undoped a-Si:H. For large Xge > 25%, the conductivity is nearly thermally activated with
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activation energy E-~ 0.4 eV and the thermopower is p-type with activation energy Es ~
+ 0.2 eV, consistent with previous reports on germanium nanocrystals. The conductivity in
the intermediate regime 10 < Xce < 25% is adequately described by the sum of conduction

paths through the a-Si:H and nc-Ge.

The complete transition from n-type to p-type transport, measured by the
thermopower, can be modeled using a modified version of a dual-channel picture, in which
the conductivity of each phase is weighted by Xae, but is also constrained by percolation.
Accordingly, for Xge < 20%, the nc-Ge phase does not percolate across the sample, so
conduction through that phase is decreased. However, a corresponding percolation
threshold of the a-Si:H phase is found close to Xge ~ 15 — 25%, rather than at Xce ~ 80%
as would be expected if the percolation problem was reversed. It is suggested that this
discrepancy is related to the increased disorder and oxidation in the a-Si:H phase when the

nc-Ge are introduced into the sample.

Measurements of the conductivity changes of these samples due to exposure to
illumination reveal that the concentration of nc-Ge corresponds with a sharp decrease in
the photoresponse, and samples with Xge > 10% exhibit no increase in conductivity upon
the onset of illumination. It is suggested that the increase in the disorder of the a-Si:H phase
due to nearby nc-Ge increases the recombination rate, preventing photo-generated free
electron-hole pairs from contributing to conduction. Unexpectedly, however, samples with
Xce > 2% exhibit an increase in the dark conductivity following exposure to illumination.
A model is proposed in which photo-generated free holes in the a-Si:H phase tunnel into

the nc-Ge phase, preventing recombination with free electrons. This model is in qualitative
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agreement with measurements of the decay of the photo-induced excess conductivity,

which find an exponential decay with a temperature-independent decay rate.

Detailed measurements of the temperature dependence of the conductivity of n-
type and p-type nc-Ge/a-Si:H samples, as well as pure a-Si:H samples reveal a subtle but
consistent variation from the thermally activated expression. The conductivity temperature

dependence is more accurately described by the expression o(T) = o, exp[—(T,/T)*1,

where « is near 0.75. These results are in close agreement with a model put forth in the

mid-1980s describing hopping through bandtail states in a-Si:H.
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Appendices

Appendix A

The nearest neighbor distances in Si and Ge are very close, 0.235 and 0.245 nm,
respectively. For these basic calculations, | will treat these as equal, such that both phases
have an atomic number density n ~ 5 x 10%? cm™. The number of atoms in a germanium

nanocrystal of radius R is
N, =2 7R (1)
3
The number of atoms in a non-conducting shell of thickness t = (Rsh — R) is

N,y =2 7(R, - RY) @

The ratio of atoms in the shell to those in the crystal is

Nsh :{Rsh :R j (3)

Now, every atom must be in a nanocrystal, in a shell, or neither. The fraction in a

nanocrystal is just Xce, and the fraction in a shell is

Nsh

X (4)

c
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and Equation (4) can be multiplied by (1-Xce) to arrive at the fraction of shell atoms that
are Si and not Ge, so that we don’t double-count Ge atoms in a nanocrystal but close to
another nanocrystal. When at the percolation threshold for the Si phase that isn’t in a shell,

the fraction of atoms that are part of the conducting Si phase

Ns
XSi—cond =1- xGe _( N "

XGe(l_ xGe)]ZO'Z (5)

Solving Equation (5) for Rsh using Xee = 0.2 and R = 2 nm yields Rsh = 3.36 nm.
Appendix B

The calculation for Rsh when considering the void fraction proceeds in a similar
fashion to in Appendix A. Since the non-conducting shell exists around the voids here,

Equation (4) is rewritten for the void fraction

N
N_Sh XVOid (6)

c

where Xvoid ~ 0.37, estimated from Figure 4.9. To find the fraction of shell atoms that are
Si and not Ge or voids, Equation (6) is multiplied by Xsi, which is estimated from Figure

4.9 to be ~ 50%. Now, Equation (5) is rewritten as

N
XSi—cond =1- XGe - XVoid _[N_Sh XVoid XSi j =0.2 (7)

c

where Xge is the total volume fraction of the germanium phase (Xge ~ 0.13, estimated from

Figure 4.9) and the calculation yields Rsh = 2.76 nm.
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