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Introduction

In the last century, greenhouse gases (GHGs) emissions have greatly in-
creased due to the development of industrialization. This fact lead to sig-
nificant climate changes such as: warming of the Earth surface and atmo-
sphere, changes in the precipitation patterns, shrink of the sea-ice coverage
and acidification of the oceans [1]. Emission reduction and international pol-
itics aimed to the conversion towards a low carbon society are necessary in
order to reduce the effect that human activity has on the Earth.

Research in the renewable energy field is mandatory within this frame-
work to provide alternatives to fossil fuels in energy production. Among the
available renewable energy sources, photovoltaics is one of the most promising
as solar energy is widely distributed over the Earth. The related technology
is nowadays easily available, it can be integrated with buildings and presents
limited environmental issues [2].

Among photovoltaic technologies, Si-based solar cells are still the most
investigated and promising. Silicon is indeed a widely known material, abun-
dant, diffuse and non-toxic. 90% of the current market is constituted by
Si-based solar cells [3]. Within this framework, two different systems which
could lead to a substantial improvement of Si-based cell efficiency will be in-
vestigated in the present thesis. In particular, Silicon Oxi-Nitride (SiO,N,)
thin films and multilayers of Silicon Rich Carbide (SRC)/Si have been char-
acterized in view of their application in photovoltaics.

The study has been carried out at the Physics and Astronomy Depart-
ment of the University of Bologna, Italy, in close cooperation with the Uni-
versity of Konstanz, Germany, and the CNR IMM Institute of Bologna, Italy.

The technologies under study share a basic assumption: the constituent
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materials of a cell should be abundant and non-toxic and the research should
go in the direction of cost reduction and efficiency improvement [4]. Silicon
offers the above mentioned properties, together with its mature technology

industry.

One of the key factors responsible for power loss in single band gap solar
cells is that photons with energy higher than the band gap lose their excess
energy by thermalization, while photons with energy below the band gap are
not successfully converted. One way to overcome this limit is to introduce the
multi-junction concept, where materials with different band gap are stacked
together [5, 6]. In this framework, silicon nano-crystals (Si NCs) embedded
in a dielectric matrix were proposed as absorbers in all-Si multi-junction so-
lar cells due to the quantum confinement capability of Si NCs, that allows
a better match to the solar spectrum thanks to the size-induced tunability
of the band gap [7, 8]. SiC as a dielectric matrix is considered promising as
it shows better conduction properties and lower barrier to the Si NCs with
respect to e.g. SiOy [5, 6]. Despite the efficient solar radiation absorption ca-
pability of this structure, its charge collection and transport properties have
still to be fully demonstrated. The results presented in the thesis aim to the
understanding of the transport mechanisms at macroscopic and microscopic
scale. Current Atomic Force Microscopy (c-AFM) has been used to investi-
gate the conductivity at the nano-scale and to perform local current-voltage
measurements. Macroscopical IV curves as a function of temperature have

been employed to gain information about the transport mechanism.

SiO;N, is a promising material for applications in thin-film solar cells,
e.g. as window layer or intermediate reflector [9, 10] as well as for wafer
based silicon solar cells, like Silicon HeteroJunction (SHJ) solar cells. It has
already been shown that the utilization of amorphous silicon oxide (a-SiO,)
or amorphous silicon oxy-nitride (a-SiO,N, ) instead of amorphous silicon (a-
Si) as emitter layers in SHJ solar cells can boost the solar cell efficiency due
to a reduced parasitic absorption in the emitter layer [11, 12]. An additional
efficiency gain can be expected by replacing the amorphous emitter with a
nanocrystalline emitter layer, due to the higher conductivity of the latter

and the lower contact resistance between the nc-emitter and the transparent
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conductive oxide layer [13]. In addition, nc-SiO, and SiO,N, layers might
be superior to nc-Si layers as they suffer less from parasitic absorption due
to higher optical band gap. Notwithstanding those interesting properties,
many issues relevant to the material properties have not been studied yet,
such as the role of the deposition condition and precursor gas concentrations
on the optical and electronic properties of the film, the composition and
structure of the nanocrystals. The results presented in the thesis aim to
clarifying several aspects concerning nc-SiO,N,, film properties in view of its
photovoltaic applications. The process of nanocrystal formation have been
investigated through structural, compositional and optical methods. The
morphology as well as the local conductivity of the layers has been measured
with the AFM. The effects of the annealing and the oxygen incorporation
within the SiO,N, layers have been clarified.

The outline of the thesis is the following: Chap. 1 introduces the energy
challenges that our society should address and it briefly reviews the state
of the art of quantum dots and HIT solar cells; the materials and analysis
strategies used for the systems under study are described in Chap. 2 and the
results obtained for SRC/SiC multilayers and SiO,N, thin films are reported
in Chap. 3 and 4, respectively. Finally, some conclusions about the obtained

results are presented.
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Chapter 1

The Energy Challenge

1.1 The climate change

In the last century, greenhouse gases (GHGs) emission have greatly in-
creased due to the development of industrialization. Although greenhouse
effect exists in nature, allowing the Earth to be warm and develop life as
we see it in present days, the increment of this natural phenomenon due to
human GHGs emission is leading to major changes in climate.

Greenhouse effect is caused by GHGs (mainly H,O, CO,, CH4 and N,O),
which are able to absorb an re-emit radiation in the infra-red (IR) region of
the electromagnetic spectrum. The IR radiation is initially emitted e.g. by
the Earth and the clouds and is then re-emitted isotropically by the GHGs,
so that part of it goes back through the Earth causing a warming effect.

The main reasons for the climate changes are the land usage (e.g. de-
forestation), that causes changes in Earth surface reflectivity, and GHGs
emissions [14]. There are multiple consequences on climate and its evolution
takes places on very large time scales. Nowadays, measurements relative to
the last century are available and several models have been proposed in order

to predict future scenarios. Some of the main effects observed are [1, 14]:

e warming of the Earth surface and atmosphere (0.72°C between 1951
and 2012);

e changes in the precipitation patterns, with an enhancement of rain in

9
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Figure 1.1: (left) Observed and simulated surface temperature changes in
the period 1860-2010. Simulations taking into account only natural (top)
and natural and human forcing (bottom) are reported. (right) Spatial dis-
tribution of the local surface temperature changes in the period 1951-2010
related to simulated natural forcing (top), observed changes (middle) and
simulated natural and human forcing (bottom) [15].

the northern and southern regions of the world and a reduction in some

areas of the tropical region and the Mediterranean;

e shrink of the sea-ice coverage (-4.1%/year in the Arctic up to 2012) and

reduced snow coverage;

e acidification of the oceans due to the dissolution of COs in the oceans
(reduction of pH of ~0.1 units with possible problems for marine species
with calcium carbonate skeletons), increasing of water temperature and

rising of the sea level.

Several models are proposed to reproduce the climate observation. The
Intergovernmental Panel on Climate Change (IPCC) reports on the evolu-

tion of the knowledge relevant to climate changes. The physical science basis
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of climate changes has been examined in depth and reported in the Fifth
Assessment Report (AR5) [1]. In the AR5 report, the models have shown
improvements in the reproduction of climate phenomena with respect to AR4
(2007). The importance of having reliable models lies in the need of determi-
nation of future politics about GHGs emission that would reduce the human
impact on the climate [16]. Even though all climate models are affected by
uncertainties, the actual warming pattern could not be reproduced only by
natural forcing (e.g. Sun irradiance variations, volcano explosions etc...), but
anthropogenic forcing (such as GHGs emissions) needs to be included in the
simulations [15]. Figure 1.1 show the comparison between the observed tem-
perature changes in the period 1860-2010 and the simulations in two cases:
when only natural forcing are inserted in the models and when also human
forcing is taken into account. The observed and simulated data are in agree-
ment only in the latter case, showing how important the human contribution
is to the warming trend. The same agreement between observation and sim-
ulation (natural+human forcing) is observed when the spatial distribution of
the local surface temperature variation is taken into account, as reported in
Fig. 1.1.

In order to make projections on future climate, different emission scenar-
ios are used as an input. The AR5 uses four Representative Concentration
Pathways (RCP), relative to different GHGs emission hypothesis and include
the influence of mitigation policies, unlike previous reports. The RCPs were
selected in order to achieve a specific radiative forcing target in 2100 and to
represent a large set of mitigation scenarios [1]. If GHGs emission will not be
significantly reduced, a warming trend of air temperature, as well as a shrink
of the Arctic ice coverage and an increase of the oceans water temperature
is to be expected in the near term (up to 2035 [18]) as well as in the long
term (up to the end of the 21st century [17]). Figure 1.2 shows the pre-
dicted global surface mean temperature changes in the near-term (left) and
the local ones (right) for four different RCPs. These predictions underline
how important a reduction of GHGs emission is to reduce human impact on
Earth climate. One step in this direction is the improved use of renewable

energies for generating electricity.
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Figure 1.2: Global surface mean temperature changes (left) as predicted from
the Coupled Model Intercomparison Project Phase 5 (CMIP5) for different
RCP scenarios. The vertical bars represent the likely ranges (66%-100%
likelihood) by the end of the 21st century. Surface temperature changes
(right) for two different CMIP5 models in the high and low emission RCP
scenarios [17].

Electricity generation contributes to ~40% of the total CO5 emissions,
with a production of more than 10 gigatonnes per year [2]. Several carbon-
free sources can be exploited, namely hydropower, nuclear fission, biomass,
wind, geothermal, solar and ocean energy. Each one presents advantages as
well as disadvantages, different capacity, cost and availability of the natural
resource. Within this framework, solar energy will be the focus of this thesis
and, in particular, innovative materials for photovoltaic application will be

investigated.

1.2 Solar Cells

About 10> TW of solar power reach the Earth at its surface, providing ev-
ery hour the energy that humanity needs in one year. Sunlight is also widely
distributed and comes unlimited and without any cost [2]. The spectrum of

the sun is shown in Fig. 1.3 and can be approximated by the spectrum of a
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Figure 1.3: Solar irradiance spectra standards by American Society for Test-
ing and Materials (ASTM). Extraterrestrial spectrum AMO [22] and surface
spectra AM1.5 [21]. Data plotted from the sources in [20].

6050 K black body. Several differences can be found between the spectra in
Fig. 1.3 and a common black body spectrum because of the presence of the
Earth’s atmosphere and the main contributions are the water content, turbid-
ity, cloudiness, ozone and ground reflection [19]. Commonly, the path length
of the sunlight through the atmosphere is expressed in terms of equivalent
air mass, m,., for terrestrial applications. In particular m, = 1/ cos z, where
z is the zenith angle. Solar spectra are then addressed as AMm, and the
solar spectrum in outer space is conventionally labeled AMO [19]. Figure 1.3
plots AMO spectrum and AM1.5 spectra relative to the direct+circumsolar
and global irradiance, which takes into account also other components, like
reflected and diffused light [20-22].

Despite the abundance of the resource used for electricity generation,
i.e. sunlight, conversion efficiency together with the variability of the above-
mentioned resource are two of the main problems of the solar technology.

Darkness as well as clouds do not allow for a stable electricity production
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and therefore the integration with energy storage devices and the develop-
ment of smart grids are necessary [2]. Efficiency improving is a goal of major
importance in actual research, together with cost reduction and optimiza-
tion of the processes for feasible industrial production. Figure 1.4 shows the
evolution of solar cell efficiencies from the 1970s to present days for differ-
ent technologies [20]. The highest achievements have been obtained so far
for multijunction technologies used in combination with solar concentrators.
¢-Si solar cells currently represent ~90% of the market because of two main
factors: first of all, Si is stable, non toxic, abundant and its physical proper-
ties are well known. Secondly, the technology is mature, thanks also to the
success Si has in microelectronic industry [3]. In the last decade, the effi-
ciency of ¢-Si solar cells ranges from 20% to 25% (Fig. 1.4) and the highest
efficiency (25.6%) for a c-Si solar cell has been achieved by Panasonic in 2014
for a Si Heterojunction with Intrinsic Thin layer (HIT). This record has been
obtained for a cell of a practical size (143.7 cm?) and improves the previous
record of 0.6 points [23]. The HIT solar cells will be described in details in
Sec. 1.3.2.

Photovoltaic (PV) devices exploit the incoming light to directly produce
electricity through charge carries photogeneration. If the photons have an
energy greater than the band gap, free electrons and holes are generated and
extracted by means of an electric field before they recombine. Therefore, a
reverse current density J flows into the external circuit and it is called short-
circuit current J,. under short-circuit conditions. The drift of the carriers
through the photovoltaic material generates a potential difference ¢, which
is called open-circuit voltage ¢,. under open-circuit conditions [19]. In order
to have a better performance of the photovoltaic device, it is necessary to
maximize both Jy. and ¢... Therefore, some of the characteristics that the
material should have are high minority carrier lifetime, high mobility and
high absorption over a wide wavelength range in order to achieve high val-
ues of Jy., while ¢,. strongly depends on the kind of transport mechanism

involved and on the band gap of the material.

Figure 1.5a shows a simple example of a photovoltaic device, where the

following different components are present: the current generator is related
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Dark

Light

Poc

Figure 1.5: a) Schematic equivalent circuit for a photovoltaic cell. I rep-
resents the total light current, I'p the total dark current of the diode, R
a series resistance and R, a parallel resistance. b) Idealized total light and
dark current versus voltage curves for a solar cell. ¢, is the open-circuit
voltage, I is the short-circuit current and P,,. Plots adapted from [19].

to the photoexcitation process, the diode responsible for the electric field
that drives the photogenerated carries outside the device, a series resistance
R and a parallel resistance R,. For an ideal device R,=0 and R, = oo and
the photoinduced current is superimposed to the dark current. Therefore,

the current density flowing in the device is given by:
J = Jo lexp (q8/ ART) — 1] — J, (1.1)

where Jj is the reverse saturation current of the diode, A is the ideality factor
(which depends on the mechanism of the junction transport) and Jy, is the
reverse current generated by the incoming light [19]. Figure 1.5b shows the
typical idealized I-V response of a photovoltaic device in the dark and under

illumination. When the bias applied is equal to zero, the resulting current in
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the dark is zero, while under illumination the following relation is valid:
Jse = —JL. (1.2)

In the open-circuit condition the current density flowing in the device is zero

and therefore:
¢oc = (AkT/Q) In [(JL/JO> + 1] ) (13)

while the dependence of J. by ¢, can be written as:
Jse = Jo [exp (qpoc/AKT) — 1]. (1.4)

It is worth noting that Eq. 1.4 has the same functional form of the current
flowing in the device in the dark [19]. The photovoltaic efficiency is defined

as:

In®m  JscPoc FF
Prad B Prad

where P, represents the maximum power, P,,q the incoming radiation power,

N = Ppn/Paa = (1.5)

Jm and ¢, the values of current density and voltage corresponding to the

maximum power and FF is the fill factor. The latter is therefore defined as:

Jm ¢m

FF = :
JSC (bOC

(1.6)

Doping of the semiconductor materials is used in order to build an inter-
nal electric field to separate and extract the photogenerated charge carriers.
Figure 1.6a shows the energy diagram of a homojunction, which is defined
as p-n junction where the p and n type portions are made of the same mate-
rial. The quantities represented in the figure are the vacuum level E,., the
conduction band edge E., the Fermi level Er, the valence band edge F,, the
band gap £, the electron affinity y, and the diffusion potential gpp. The
band bending visible in Fig. 1.6a is due to the higher work function q¢y of
the p type portion with respect to the n type one. The diffusion potential is
the difference between these two work function. The minority carriers pho-
togenerated have to travel in the junction to be extracted in the external

circuit. In order to do so, recombination should not occur and therefore the
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Figure 1.6: a) Band diagram of a p-n homojunction. The density of the
doping in the two sides is the same. b) Band diagram of a p-n homojunction.
The density of the doping in the two sides is the same and Fy,; < E,; and

X1 < X2 [19]

carriers should be generated within one diffusion length of the junction. In
practical cases this means that the illuminated side of the junction should
be thinner than the opposite side [19]. Figure 1.6b shows the band diagram
of a p-n heterojunction, where the p and n sides of the junction are made of
different semiconductors. In this example the p type material has a smaller
band gap (E,) with respect to the n type one (Ey) and all the effects
relevant to interface states have been neglected (Anderson abrupt junction
model [24]). The difference between the two semiconductors generates dis-
continuities in the conduction and in the valence band, which can be either
positive or negative [19]. The case represented in Fig. 1.6b is based on the
assumption x; < x2. If the light is coming on the n side, then this layer
absorbs only higher wavelengths with respect to the p one as it has a wider
band gap. Therefore, the n layer is acting as a window layer, letting part of
the incoming light reach the p type portion with minimum losses. Interface
states can act as recombination centers and contribute to an increase in Jy,
resulting in a lower value of ¢,.. One way to overcome this limitation is the
insertion of a passivation layer between the p and n layer, as it is done in

Heterojunction with Intrinsic Thin Layer (HIT) solar cells, that are discussed
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v, ™ [volts]

Figure 1.7: Black body solar cell efficiency n for a temperature of the cell
of 300 K illuminated by the sun (modeled as a black body at 6000 K) as a
function of the band gap for different values of the parameter f. From top to
bottom: a) f=1,b) f=10"3,¢c) f=10"%d) f =107 e) f = 10712 [25].

in Sec. 1.3.

In order to better understand the potential of photovoltaic energy pro-
duction, it is important to clarify which is the limit efficiency achievable from
the devices. In 1961 Shockley and Queisser proposed the theory of the de-
tailed balance limit for p-n junction solar cells [25]. In this work, the effect
of radiative recombination in limiting the minority carrier lifetime is investi-
gated and the upper limit efficiencies achievable for a solar cell are evaluated
as a function of the band gap of the material, the temperature of the cell,
the probability ¢ that a photon with energy higher than the band gap gen-
erates a hole-electron pair and a parameter f. This parameter takes into
account the reduction to the open circuit voltage due to a reduced efficiency
of transmission of solar photons into the cell, a reduction of the solid angle
subtended by the sun or its incidence upon the solar cell and the presence of
additional non-radiative recombination processes. Figure 1.7 shows the pre-

dicted maximum efficiency as a function of the band gap of the material of a



20

1. The Energy Challenge

solar cell for different values of f. A decrease of the efficiency for decreasing
values of f (that is < 1 by definition) is observed. The quantity z, is defined
as E,/kTs, where E, is the band gap of the material that forms the cell,
k is the Boltzmann’s constant and 7§ is the temperature of the sun. The
quantity Vj is related to the energy gap by the relation £, = ¢V,, where ¢ is
the electronic charge. The maximum efficiency predicted by the theory for
c-Si Solar cells (E,=1.1 eV) is 30% [25]. It is worth noting that the highest
record efficiency (up to date) is 25.6% for HIT solar cell (see Fig. 1.4), which
is not so far from this theoretical limit.

Before the description of the solar cell technologies relevant to this thesis,

a summary of some of the desirable material properties is given [19].

e One crucial point is the band gap of the material, that should be small
enough to allow absorption of a wide range of the solar spectrum, but
also large enough to minimize the reverse saturation current .J;. One
way to allow a better match with the solar spectrum is the multi-
junction concept, where different materials are stacked one on the top
of the other in such a way that the material with wider band gap
is placed on top and the others follow with decreasing energy gap.
Another way to obtain this structure is the multilayer approach, that

will be discussed in Sec. 1.3.

e The diffusion length of the minority carriers L,,;,, which should be as
large as possible so that carriers generated at a higher distance from
the junction can actually be extracted before they recombine. The

diffusion length is defined as:

Lunin = (DuinTin) > = [(KT/q) (7)) (1.7)

where D, is the diffusion constant, 7, is the lifetime and o, is
the mobility of the minority carriers [19]. The value of the lifetime is
influenced by several factors, one of which being the recombination at
the surface. One way to overcome this limitation and obtaining higher

values of 7, is the deposition of passivation layers, that is discussed
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in Sec 1.3.

e In real cells it is valid that Ry, > 0 and R, < oo. The presence of
these resistances can contribute in the value of FF and therefore to
the efficiency of the device. The series resistance can be increased by
contact resistance between the semiconductor and the other circuit ele-
ments, e.g. the Transparent Conductive Oxide (TCO), used to extract
the photogenerated charge carriers. The value of R, can be reduced by

defects and grain boundaries that contribute to a decrease of ¢o. [19].

e A solar cell is designed to operate under illumination and various
weather conditions for a long period of time. Therefore, the stability of
the device under such conditions is crucial and a significant reduction

of the efficiency of the cell with exposure is undesirable.

1.3 New generation photovoltaics

In the following sections two of the many technologies relevant to the
photovoltaic research will be briefly reviewed: the HIT solar cells and the
quantum dots solar cells. These two technologies share a basic assumption:
the constituent materials of a cell should be abundant and non-toxic and the
research should go in the direction of cost reduction and efficiency improve-
ment. In Chap. 3 the results obtained within the framework of these kind of

devices are presented.

1.3.1 Quantum dots solar cells

Manipulating materials at the nano-scale allows to modify significantly
their properties. In the photovoltaic field this fact is crucial as it allows
to create new structures with enhanced optoelectronic properties, such as
tunable band gap layers based on Si, whose bulk optical properties are relative
poor. Therefore, nanostructured materials mark the beginning of a new era

of silicon photovoltaics [26].
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Reducing the dimension of a portion of material in one or more directions
can lead to quantum confinement, quantum wires and quantum dots are
examples of quantum confinement in two and three dimensions. The effective
band gap of these structures depends on their size. Figure 1.8a shows the
photoluminescence spectra of Si nanocrystals (NCs) with decreasing diameter
and a blue shift is observed for smaller size of the NCs [26, 27]. The transition
energy of an electron-hole pair of effective reduced mass m* confined in a

quantim dot can be written as:

E_E h? Ny T 2+ Ty T 2+ n,m\ >
0 ome |\ L, L, L,

where L,, L, and L, are the sizes of the quantum dot, F, is the band gap

B (%”)2 (1.8)

2m*

of the bulk semiconductor, the confining energy barrier is assumed to be
infinite and n,, n, and n, are quantum numbers used to describe a given
quantized energy level and d represents the diameter of the dot in case it is
spherical [28]. Figure 1.8b reports the band gap of Si confined structures as
a function of their size [29)].

The size of the nanostructure controls also its electrical properties, such
as the doping efficiency. Theoretical studies have shown that boron inclusion
in the nanocrystals is favored for bigger diameter, while the position of the
dopants is closer to the surface for smaller size of the nanostructure [30].
Figure 1.8c shows a linear increase of the impurity activation energy for
increasing inverse radius both for B and P doped Si NCs. This dependence
can be expressed for B doped NCs as:

E.t = 0.050904 + % (1.9)
where R is the radius expressed in A and E. is the activation energy in
eV [30].

Si based nanostructures provide the abundance, technological maturity
and minimal environmental footprint of Si together with the possibility of
band structure engineering and surface modification typical of the nanostruc-

tures [4]. In the photovoltaic field, all these characteristics can be used to
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Figure 1.8: a) Normalized excitonic photoluminescence spectra on the longer
wavelengths region, with a blue shift for smaller nanocrystal diameter [26].
b) Optical band gap of Si quantum wells, wires and dots as a function of
the system diameter [29]. ¢) Impurity activation energy for B and P doped
Si NCs as a function of the inverse nanocluster radius. Zero on the x-axis
corresponds to bulk Si and the line is a fit for the B doped NCs. The impurity
is considered at the cluster center [30].
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Figure 1.9: a) Loss processes in a solar cell: 1) non-absorption of below band
gap photons, 2) thermalization loss, 3) and 4) junction and contact losses, 5)
recombination loss [5]. b) Band diagram for a multiple quantum well solar
cell [8].

produce all-Si tandem cells, that will be described in detail in this section, as
well as new kind of structures such as the solar shapers, that use the concept
of UV cutting and IR pasting to convert the incoming light in a wavelength
range suitable to high efficiency technologies [31-33].

All-Si tandem solar cells are studied within the concept of the third gen-
eration photovoltaics, that aims to an increase of the cell efficiency while
using thin film processes and abundant, non-toxic materials [5]. Figure 1.9a
shows several loss processes in a standard solar cell. Two important factors
of losses are the inability to absorb photons with energy below the band gap
and the thermalization of the photons with energy higher than the band gap
(processes 1 and 2 in fig. 1.9a). Quantum Dots (QDs) superlattice tandem
cells aim to solve these issues providing an increased number of band gaps
within the photovoltaic device [5].

The structure of these devices is composed of Si nanocrystals embedded in
a wider band gap matrix (such as SiOy or SiC). The NCs size should be small
enough to obtain quantum confinement effects and with a spacing between
the NCs small enough to allow an overlap of the wavefunctions of the confined
carriers in adjacent dots. If these requirements are met, a mini-band is
formed, resulting in a three band conduction mechanism. Figure 1.9b shows
the band diagram of a Multiple Quantum Well (MQW) solar cell, that was
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Figure 1.10: a) Band structure of a three band solar cell [34]. b) Detailed
balance calculation for a single gap (lower), tandem (middle) and three band
(top) solar cell as a function of the lowest band gap. The values of the highest
band gap cell are also reported [34]. ¢) Band diagram alignments for bulk
Si, SIC, SigN4 and SIOQ [5]

first proposed in 1990 [35] in order to absorb photons with energy as low as
in the well region [8]. A detailed balance theory involving three energy level,
as depicted in fig. 1.10a, suggested that a performance increase is possible
with this structure [34]. The third band has an intermediate energy with
respect to the valence and conduction band, radiative transitions between
this band and the others are possible and charge carriers can flow inside it.
Figure 1.10b shows the detailed balance efficiency limit calculated for a single
junction (bottom), tandem cell (middle) and three band (top) solar cell [34].
The limit efficiency is plotted versus the lowest band gap value and close to
each marker is reported the value of the highest band gap material used for
obtaining maximum efficiency. Both tandem and three band devices exceed
the Shockley-Queisser limit for a single junction cell and it is worth noting
that the efficiency limit obtained for a three band solar cell can reach high
values up to 63.1%.

The three band structure can be obtained with the superlattice approach
previously described and band spacing as well as transport properties depend
on the matrix in which the Si NCs are embedded. Figure 1.10c shows the bulk
band alignments of crystalline Si and three different matrixes: SiC, SisN4 and

Si0y. The latter displays a higher transport barrier with respect to SigNy
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and SiC. As the tunnel probability strongly depends on the barrier height,
the presence of a smaller barrier allows a larger NCs spacing for obtaining

the same tunneling current. The tunnel probability is given by:

T. = 16 exp (— 8%AE1/2d> (1.10)

where m* is the bulk effective mass, AFE is the energy difference between the
bulk band and the one formed by the QD interaction and d is the spacing
between the QDs [5, 36]. Therefore, a lower dot density is required for
obtaining a given conductivity or a higher conductivity is reached for a given
dot density.

In Chap 3 Si QDs/SiC MQW solar cells are described and electrical and
morphological characterization carried out at macroscopical as well as mi-

croscopical level is presented.

1.3.2 HIT solar cells

The actual cost of a PV module includes the cost of silicon (50%), the cell
processing (20%) and the module processing (30%) [37]. Therefore, reducing
the amount of silicon used for fabrication of the cell is of major importance
in cost reduction. If Si-wafers are thinner, recombination processes at the
surface become more and more important and therefore good passivation
is central in improving the cell efficiency. Silicon heterojunction are solar
cells in which an amorphous silicon layer (a-Si:H) is deposited on top of the
crystalline silicon (c-Si) active material. The efficiency of this kind of device
at industrial production level is above 20% [3].

Recombination processes in silicon occur in large part through defect
levels within the band gap. These defect can be either located within the
bulk of the material or at the surface, the latter being a huge disturbance
of the crystalline structure of the material [38]. A large density of surface
defects is present due to non-saturated bonds, called dangling bonds. Long-
term stable passivation of the surface is highly desirable in a solar cell to avoid

undesirable drops in the cell efficiency. The recombination rate Ug through
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Figure 1.11: a) Schematic view of a diffused junction solar cell with a p-
type silicon wafer, and its band diagram. b) Schematic view of a SHJ cell
developed by Sanyo, with a n-type silicon wafer, and its band diagram [3].

a surface state at energy E; is given by the Shokley-Read-Hall theory [39]:

2

NgPs — ni
ST ns+ng Ps+p1 (1'11)
SpO SnO

with

LBy — Ey

7 0 T n?/n1, Sno = SuunNst, Spo = SpnunNs (1.12)

ny = n; exp
where ng and p, are the electron and hole concentrations at the surface, n;
is the intrinsic carrier density, S,o and Spy are the parameters of surface
recombination velocity for electrons and holes, FE; is the intrinsic Fermi level,
Ny is the density of the surface defects, ny, is the thermal velocity of the
carriers (~ 107 em™" at 300 K in Si) and T is the temperature [38]. There
are two possibilities to reduce the recombination rate: the reduction of the
density of the surface states and the reduction of the free electrons and holes
at the surface. The latter can be achieved by the implementation of a doping
profile below the surface, while reduction of surface states is achieved by

passivation as it is done in HIT solar cells [38].

Figure 1.11 depicts the structure and the band diagram of a traditional
diffused junction solar cell (Fig. 1.11a) and of a HIT device (Fig. 1.11b).
In the first structure, passivation of the front surface can be achieved by
thermal growth of SiOy (which is carried out at very high temperatures)

or by silicon nitride or aluminum oxide films. In the structure depicted in
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Fig. 1.11a the rear side of the cell is not passivated and therefore the c-Si
active material is directly in contact with the highly recombination active
metal contacts [3]. In high efficiency diffused junction, the rear side is pas-
sivated as well. Figure 1.11b depicts the structure of a HIT solar cell. In
this device, the passivating heterostructure acts also as contact, with no need
of spiking metal contacts through the passivating layer. In Silicon Hetero-
Junction (SHJ) solar cells the charge can trickle through the wide band gap
amorphous layer slowly enough to build up a high voltage, but fast enough
to avoid recombination. Therefore, the amorphous layer can be viewed as a

semi-permeable membrane for carrier extraction [3].

a-Si:H has a wider band gap with respect to c-Si, it is easily doped and it
has been therefore regarded as a good candidate for the buffer layer. The pas-
sivation is achieved by hydrogenation of Si dangling bonds, with a reduction
of the surface defects. Nevertheless, the lifetime of the carriers generated in
the amorphous layer is short and a large fraction of the photogenerated car-
riers recombine there. Another limitation of a-Si:H is the light degradation
induced by Staebler-Wronski effect, which causes the lack of stability of a-
Si:H. Silicon oxi-nitride (SiO,N,) has been studied because it shows improved
properties with respect to a-Si:H, such as reduced parasitic light absorption
and higher band gap [12]. Moreover, nc-SiO,N, could offer improved trans-
port properties, particularly a lower contact resistivity with the Transparent
Conductive Oxide (TCO) with respect to an amorphous layer [13]. The

obtained results are described in Chap. 4.

The major breakthrough in SHJ solar cells has been the insertion of the
amorphous undoped layer, forming the HIT structure. Figure 1.12a shows
the minority carrier lifetime for different structures. The values achieved
with passivation through doped layers (red curve) is less effective that the
one achieved with an intrinsic buffer layer (green curve). This effect is due to
doping related defect generation in the amorphous matrix [3]. A doped layer
is required nonetheless for carrier extraction, and so a ni/c-Si/ip structure
should be formed. The minority carrier lifetime of such a device is also
reported in Fig 1.12a and a small loss with respect to the i/c-Si/i case is
visible. Note that for the blue curve both front and rear side of the c-Si
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Figure 1.12: a) Minority carrier lifetime for a-Si:H passivated layer for differ-
ent structures. The voltage on the curves represents the implied ¢,. under 1
sun illumination. b)Minority carrier lifetime as a function of the annealing
time (annealing temperature 180 °C for a FZ wafer passivated on both sides
by 50 nm of a-Si:H [3].

wafer are passivated.

A short annealing at low temperatures generally improves the passivation
of Si surfaces. Figure 1.12b shows the minority carrier lifetime as a function
of the annealing time for a FZ wafer passivated by a-Si:H on both sides. The
annealing temperature is 180 °C. Lifetime data can be fitted by the following

Tet (fann) = Tss [1 — exp — (t?n)ﬂ] (1.13)

where T.¢ is the minority carrier lifetime, 75g is the steady-staty value of T,

relationship:

tann 18 the annealing time and [ is the dispersion parameter, which ranges
between 0 and 1 [3].

An atomically sharp interface between the c-Si wafer and the amorphous
layer is a key feature to have good passivating properties. This means that no
crystalline material should be deposited on the active layer. Despite this fact,
a crystalline doped layer is desirable because it reduces the contact resistivity

between the emitter and the TCO layer deposited on top of the structure.
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For this reason nanocrystaline SiO,N, layers have been investigated and the

results are described in Chap. 4.



Chapter 2
Materials and methods

In the following sections, Silicon Rich Carbide (SRC)/SiC multilayer and
5i0,N,, thin film preparation is described and previous results obtained on
such systems are summarized. The techniques and the data analyses used for
the characterization are depicted as well. Section 2.1 is focused on SRC/SiC
multilayer deposition, Sec. 2.2 outlines the growing procedure of SiO;N,
films, while Sec. 2.3 reviews the experimental techniques and analysis strate-

gies used.

2.1 SRC/SiC multilayers

SRC/SiC multilayers (ML) were deposited by PECVD on quartz at CNR-
IMM in Bologna. The precursor gases used are SiH;, CH,; and Hs, the
temperature of the substrate is 325°C [40]. The multilayers are composed
by a stack of 30 bi-layers of SRC and SiC, as depicted in Fig. 2.1a. The
silicon fraction in the SRC layers is 0.85. The thickness of the as-deposited
layers is 9 nm for SiC (d%;) and varies between 2 and 4 nm for SRC (d3zc).
An annealing step at 110°C for 30 minutes in flowing Ny and 10% O, has
been performed for Si and SiC NCs formation [41]. A sacrificial a-Si:H layer
(20 nm thick) was deposited on top of the multilayer structure in order to
prevent SiC surface oxidation during the annealing.

Reference single layers a-SiC:H and a-Si:H were deposited for comparison:

31
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Sample name  d (nm) doge (nm) dgic (nm)  dsre (nm)
X9-2 9 2 5+1 2.0+0.5
X9-3 9 3 5=+1 3.0£0.5
X9-4 9 4 5+1 4.04+0.5

Table 2.1: As-deposited and post-annealing SiC and SRC thicknesses of sam-
ples deposited on quartz. Adapted from [40].

nc-SiC and nc-Si were produced by annealing at 1100°C, a-SiC and a-Si by
dehydrogenation at 600°C. The preparation of all the samples was completed
by wet etching of the sacrificial layer as described in [42]. Figure 2.1b shows
a schematic view of the ML after annealing and Tab. 2.1 summarizes the
thicknesses of the SiC and SRC layers in the as-deposited state and after
the annealing. The sample are named as X9 followed by a number that
represents the thickness of the SRC layers, d and d3g. represent the as-
deposited thicknesses of the SiC and SRC layers, respectively, and ds;c and
dsrc the post annealed ones. The latter have been evaluated by Summonte
et al. [40] taking into account the shrinking factors of such layers using the

following equation:

dsic = Fldsictsre  dsre = (1 — F)dsic+sre (2.1)
where dsicisre is the SRC+SiC bilayer thickness anf F is determined using:

_ dcSsic
i Ssic + ddpcSsre(T)’

F (2.2)

where Sgic and Sspe(z) are the shrinking factors of SiC and SRC layers,

respectively. Ssic is equal to 0.53, while Ssrc(z) is determined using:
Ssre(z) = 0.114 + 0.83x (2.3)

where x is the Si fraction, which is equal to 0.85 for the multilayers under

investigation [40].

Parallel Ni pads were deposited on the top surface of the multilayers
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Figure 2.1: a) Sketch of the SRC/SiC multilayer deposited by PECVD and
(b) ML structure after the annealing (not in scale). The SRC layers (a) and

the Si nanocrystals (b) are represented in orange, while the SiC layers in
blue.

X9 (x=0.85 dg = 9nm)

Figure 2.2: EF-TEM images of the cross section of samples X9-2, X9-3, X9-4
[40].

by thermal evaporation for current-voltage measurements. A dry etching
(SFs+04, 20 s) was used to remove the shallowest 5-10 nm from the surface
before local conductivity measurements. In all cases the SiC-rich surface
was effectively thinned. The thickness of the dry-etched layer was measured
by fitting the R&T spectra of the layers before and after the etching treat-
ment [43].

Figures 2.2 and 2.3 report previous results obtained on SiC/SRC multi-
layers by Energy filtered Transmission Electron Microscopy (EF-TEM) and
X-Ray Diffraction (XRD) [40]. EF-TEM cross section maps of the sample
under investigation show how the ML structure is well defined for dsgrc=
4nm (Fig. 2.2a), while it is less defined for decreasing dsrc and it is lost for
sample X9-2 (Fig. 2.2¢).
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Figure 2.3: a) X- Ray diffraction spectra of sample X9-3 and X9-4 [40]. b)
EF-TEM picture of sample X9-4 after annealing and intensities profiles across
the ML (top) and along a SRC plane (bottom). Adapted from [40].
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XRD underlines the presence of crystallized phases relative to SiC and
silicon features are visible for samples X9-3 and X9-4, indicating the forma-
tion of Si nanocrystals (NCs). The results are reported in Fig. 2.3a and the
average diameters obtained for samples X9-3 and X9-4 are (1.5£1.0) nm and
(4.0£0.5) nm, respectively. TEM measurements of the ML deposited on Si
reveal NC sizes of (4.3+0.3) nm and (54 1) nm for samples X9-3 and X9-4,
respectively [40]. Figure 2.3b shows a magnified EF-TEM picture of sample
X9-4 and the intensity profiles obtained across the multilayer and along a
SRC layer. The intensity does not vanish along the SRC plane, and this fact
could be due either to the presence of touching NCs or to the projection of

NCs positioned at different depths onto the same location [40].

2.2 SiO,N, thin films

nc-SiO, N, layers are grown by Plasma Enhanched Chemical Vapor De-
position (PECVD) using a commercial system (Plasmal.ab 100 from Oxford
Instrument) in a parallel plate configuration [44]. The radio frequency (RF)
is set at 13.56 MHz. Silane (SiH4), hydrogen (Hs) and nitrous oxide (NO)
are used as precursor gases, while diborane (ByHg) is added in order to ob-
tain p-type doping [44]. Diborane is diluted in hydrogen (0.5%). The nitrous
oxide gas flow is referred to its dilution in silane and the same is done for

diborane ratio. Thus, we can define NoO and BsHg gas flows ratio as:

_ [N,O]
Finoo = [N2O] + [SiH,] (2.42)
_ [ByHe]
Rpone = (ByHg) + [SiH,]’ (2.4b)

where the gas concentration are in square brackets.

All the results that will be presented are related to layers deposited at
a temperature of 300 °C with Rpong=2.34% and subsequently annealed at
800 °C in order to obtain nanocrystals formation. The same effect could be
achieved with an enhancement of the hydrogen dilution during the deposition

phase, but an annealing step has been necessary due to technical limitation
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Sample Annealing Raeo Reone Thickness Rate
name time (h) (%) (%) (nm) (A/s)
A 0,3,6 9.09 2.34 209 2.32
B 0,3, 6 16.7 2.34 9294 2.49
C 0, 3,6 23.1 2.34 270 3.00
D 0, 3,6 28.6 2.34 255 2.83
E 0, 3,6 474 2.34 283 3.14
R 0, 3,6 0 2.46 177 1.97

Table 2.2: Deposition parameters of SiO,N, thin films. All the layers have
been deposited on glass and Si substrates.

of the Hy to SiH, ratio in the system used. Table 2.2 shows the deposition
parameters of the thin films, the thickness measured by ellipsometry and
the corresponding growth rate. Titanium/palladium/silver parallel contacts
have been deposited by electron beam evaporation on the top surface of the
layers deposited on glass to measure the lateral conductivity. The layers are
sintered after the contacts deposition for 90 minutes at 150 °C in a nitrogen
atmosphere in order to obtain good ohmic contacts between the metal and
the nc-SiO,;N,, layers.

Previous studies have been carried out on a-SiO,N, thin films to inves-
tigate their properties as passivating layer in Heterojuntion with Intrinsic
Thin layer structures by Brinkmann et al. [12]. Figure 2.4a [12] shows a
High Resolution Transmission Electron Microscopy (HR-TEM) image of an
a-Si0,N, layer deposited on FZ Si substrate. The measurement has been
done close to the interface between the layer and the substrate and no crys-
tals are visible within the SiO,N, film, further confirming their amorphous
nature. Figure 2.4b [12] reports the results of SIMS measurements on the
B-doped a-SiO,N, layers. It can be seen that B and N concentrations do
not increase significantly with increasing Rnso, while the O content within
the layer increases of almost four times going from Ryo0=17% up to 45%.
The frequency of the Si-O-Si bond measured by FTIR as a function of Ryq0
is reported in Fig. 2.4c¢ [12] for B- and P-doped a-SiO,N, layers. The linear

shift of the peak position is due to the homogeneous distribution of Si-Si and
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Figure 2.4: a) HR-TEM picture of an a-SiO,N, layer [12]. b) Conductivity
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Si-O-Si bonds in the layers [45, 46].

2.3 Experimental methods

The following sections describe the experimental techniques employed to
characterize SRC/SiC multilayers and nc-SiO,N, thin films. Section 2.3.1
deals with the measurement of the structural and compositional properties
of the systems, Sec. 2.3.2 concerns the morphological characterization of the
surfaces of the samples, while Sec. 2.3.3 is relative to the analysis of the
electrical properties of the layers both at the nano-scale and at macroscopical

level. Section 2.3.4 describes the techniques used for optical characterization.

2.3.1 Structural and compositional analyses

Raman spectroscopy, Fourier Transform InfraRed (FTIR) spectroscopy,
High Resolution TEM (HR-TEM) and Energy-Dispersive X-ray spectroscopy
(EDX) are performed in order to investigate the structural and compositional
properties of the SiO,N,, thin films. The latter has been used to evaluate the
oxygen, nitrogen and silicon distribution within the layers. Both HR-TEM
and EDX have been performed on a cross section of the layers deposited on
Si and the system used are a JEM-220FS (HR) and a JED-2300 from JEOL.

The crystalline fraction y of the samples is obtained by Raman spec-
troscopy on layers deposited on a glass substrate. The system used is from
WlTec and the laser used has a wavelength of 488 nm. The following expres-

sion has been used to evaluate y:

EE

X (2.5)

where I, is the integrated area of the peak at 480 cm™! related to the amor-
phous component and I is the integrated area of the peak at 520 cm™!
related to the crystalline phase, as depicted in Fig. 2.5. The first peak is
modeled as Gaussian, while the latter by a Lorentzian curve in order to

perform the fit [13, 47].
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Figure 2.5: Raman spectrum of sample A (Rn20=9.09%, 3h annealed). The
fits for amorphous and crystalline components are reported, as well as the
cumulative fit (dashed line).

Si-O-5i, Si-H and Si-Hy bonds within the SiO,N, thin films are studied
using FTIR spectroscopy using a Vertex 80 system by Bruker. The layers are
deposited on a Si substrate only on one side. The measurements are carried
out at room temperature in a nitrogen atmosphere, using a resolution in
wavenumbers of 5 cm~!. The following expression is used to determine the

absorption coefficient [48]:

Aﬁlm

__~hm 2.6
dfim logyg e (2:6)

Qleff
where Agy, is the absorbance of the nc-SiO,N, layers (Agm = Asample —
Agubstrate) and dgy, is the thickness of the layers obtained by ellipsometry
measurements. The Drude term is accounted for subtracting a baseline cor-
rection of the FTIR data. In order to obtain the intensity I of a bond, an

integration over the absorption band is needed [49]:

I= / erl@) (2.7)

w

The intensity obtained is proportional to the total bond density [49]. The
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concentration of hydrogen Ny within the as-deposited layers has been eval-
uated from the intensities of the Si-H (I3000) and Si-Hy (75109) bonds using

the following expression [49]:
Nu = Asoo0l2000 + A210012100 (2.8)

where Asgep = (9.0 + 1.0)em ™2 and A0 = (2.2 + 0.2)em ™2 are calibration
factors for the Si-H and Si-Hy bonds, respectively [49].

2.3.2 Surface morphology

The morphology of the SiO,N, thin films and the SRC/SiC ML has been
investigated using Atomic Force Microscopy (AFM). The system used is a
NT-MDT Solver PATH Pro in tapping mode with ultra-sharp tips (NT-MDT
NSC10_DLC) with curvature radius less than 3 nm.

Tapping mode imaging employs an oscillating probe to investigate the
surfaces. The tip is placed a few nanometers above the surface and it is
mechanically excited at its resonance frequency wq [50]. The motion of the

free probe is described by the following equation:
z = 2y + Ap cos(wot — @) (2.9)

where z is the vertical position of the probe with respect to the position zy of
the non-oscillating probe, Aq is the amplitude of the tip far from the sample
surface and ¢ represents the phase of the oscillating motion and it is set at
90° for the free oscillating tip (i.e. far from the sample surface. When the tip
approaches the sample, the tip-sample interaction leads to a reduction of the
amplitude of the oscillation, which is then indicated by A. The normalized
amplitude A/A, is kept constant during tapping mode imaging by a feedback
system to measure the topography of the surface under investigation [50].
Phase contrast maps convey information about the energy dissipated dur-
ing the scanning process and they have been obtained keeping the tip-sample
interaction always in the same regime (attractive or repulsive) in order to

avoid switches during the measurement [51, 52|. Figure 2.6 depicts the
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Figure 2.6: Normalized amplitude (black) and phase (red) as measured with
NT-MDT Solver Pro 4 on sample X9-4. On the x-axis the relative tip-
sample height is reported, where zero corresponds to the actual set point.

The region of attractive and repulsive regime of interaction between the tip
and the surface are highlighted.

recorded normalized amplitude A/Aq and phase ¢ of the oscillating tip as
a function of tip-sample relative height. The regions of attractive and repul-
sive regime of interaction are highlighted. The set point is chosen in order to
keep the interaction between the tip and the sample repulsive over the whole
image, and consequently all the phases recorded are less than 90° [43].

In these experimental conditions the phase lag between free and damped
oscillation of the tip is proportional to the energy dissipated between the tip
and the layer surface [50, 53]:

Sin ¢ o< Fyis. (2.10)

Energy dissipation variation can be related to changes in the amorphous/crystalline
phase, to compositional variations (such as the silicon content in different ar-
eas of the sample) and to variation in the local strain.

The surface roughness and the lateral correlation length ¢ are evaluated
from AFM topography maps. The lateral correlation length for mounded

surfaces is a measure of the size of the mounds and has been obtained from
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the Height-Height Correlation Function (HHCF') and the Watershed method.

The HHCF can be calculated from AFM topography maps with the

image-analysis software Guyddion as [54, 55]:

M—-m
1 2
HHCF(’I") = m IZ:; 2 (Zn—i—m,l - Zn,l) (211&)
r

where N and M are the dimensions in pixels of the map, z is the recorded
height for each point of the map and Ax is the sampling interval of the AFM

measurement.

The self-affine model has been used to describe the surfaces of the SiO,N,,

samples. Within this framework, a surface profile z(x) follows the equation:
|2(z 4+ 1) — z(x)| ~ (mr)® (2.12)

where « is called roughness exponent, while m denotes the local slope of the

surface profile [55]. It is also valid that:
|z(ex + er) — z(ex)| ~ (emr)® (2.13)
which can be rearranged in the following form:
le %z(ex + er) — € “z(ex)| ~ (mr)* (2.14)

and compared with Eq. 2.12. It results that the profile could be expressed
in the form:
z(x) ~ e %z(ex) (2.15)

and the profile is called self-affine [55]. The exponent « describes the short

range roughness of a self-affine surface, as it is depicted in Fig. 2.7.

The HHCF obtained for an AFM map can be fitted in the hypothesis of
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Figure 2.7: Local surface morphology for surfaces with different values of «.
Smaller values indicate rougher local surfaces and 0 < a < 1 [55].

self-affine surfaces through:

2a
HHCF(r) = 2R%ycr [1 — exp [— (g) ” (2.16)
where Rppcr represents the surface roughness, « is the roughness exponent
and ¢ is the lateral correlation length, the quantity under investigation [55,
56].

The effect of finite sampling on the HHCF is to produce an oscillatory
behavior for r >> £, as depicted in Fig. 2.8a, where the HHCF evaluated
for a single simulated map of a self-affine surfaceis shown [56]. When several
maps are acquired (or, in this case, simulated), the average of the obtained
HHCF shows a reduced oscillatory behavior, as shown in Fig. 2.8b (thick
line) [56]. Acquiring several AFM maps is equivalent to bigger sampling,

with the advantage of maintaining high resolution on the single map.

The roughness obtained from the fitting of the HHCF can be compared
with the root mean square roughness R,.,s. The latter can be evaluated from
an AFM as the root mean square of the height distribution. Figure 2.9 shows
an example of height distribution of an AFM map acquired in tapping mode
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Figure 2.8: Height-Height correlation function for a self affine simulated sur-
face, single image sampling (a) and averaged over ten images (thick line)
(b). The thin curves in (b) represent the HHCF of the individual images.
Adapted from [56].

of sample B, 3 h annealed, with R, s =1.51 nm. In order to reduce the effects
of the noise over the fast scanning line, R,,s can be calculated row/column
wise and its average I, over the map is an estimation of the roughness of
the surface [54].

The Watershed method is implemented by the software Guwyddion and it
is used for marking and segmentation of the grains. The algorithm works on
the inverted surface and local minima are searched. Virtual water drops are
placed on the surface and they minimize their potential energy looking for
a local minimum. After the grains are marked, the segmentation step fills
the grains and sets the grain boundaries [54]. A mask superimposed to the
original AFM topography map is produced by the software and statistical

information about the grains are available.

2.3.3 Electrical characterization at nano-scale and macro-

scale

Conductive AFM (c-AFM) measurements allow to investigate the con-
ductivity at the nanoscale [57]. The SRC/SiC ML have been measured using
a NT-MDT Solver PA7TH Pro system and a conductive Pt coated tip, with
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Figure 2.9: Height distribution of an AFM map acquired in tapping mode
of sample B, 3 h annealed. The root mean square of this distribution is an
estimation of the surface roughness R,.,s.

nominal radius of curvature of 35 nm (NT-MDT CSG10/Pt) [43]. The mea-
surements on SiO,N, thin films were performed using a Park NX10 system
with a Pt coated probe (RMN 25Pt300B), with tip radius less than 20 nm.
A conductive probe is put in contact with the layer surface and the current
flowing between the tip and the sample is recorded in each point of the map
for a fixed bias applied of 2 V (SRC/SiC systems) or 0.8 V (SiO,N, thin
films). Figure 2.10 depicts a schematic view of the c-AFM set-up. Morphol-
ogy and current maps are acquired simultaneously and profiles of both maps
are analyzed in order to exclude artifacts related to the topography. It is
possible to observe an increased current due to an increase of the contact
area between the tip and the surface. This fact can be observed especially
when the tip enters a dip during the scanning. If an absence of correlation
between height and current profiles is observed, such kind of artifacts can be
excluded.

Local current-voltage measurements can be performed using the AFM.
The first electrical contact is made on the surface of the sample, while the
second one is made by the conducting AFM tip in contact with the surface.

A variable bias is applied to the system and the current flowing between the
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Figure 2.10: Schematic view of the c-AFM set up (not in scale).

tip and the sample is recorded.

Temperature dependent IV measurements are performed between 300 K
and 373 K for the SRC/SiC ML and between 150 K and 300 K for the
nc-SiO,; N, layers in order to extract the activation energy F, and the pre-
exponential factor oy, which both could give information about the conduc-
tion mechanisms. The experimental data were fitted using the following

expression:

0 = 0pexp (—f—;) (2.17)

where T represents the temperature and k& the Boltzmann constant [58, 59].
Typically, disordered systems show an exponential relationship between o
and the activation energy, known as the Meyer-Neldel Rule (MNR) or the

compensation law [58], expressed as:

Eq
Opg = Ogp €XpP (%) (218)

with Eyn and og9p MNR constants which are typical signature of a sys-
tem [43].
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2.3.4 Optical spectroscopy

Reflection and Transmission (R&T) spectra of the SRC/SiC ML were
acquired in the UV-vis range by an Avantes fiber optics spectrophotometer
and fitted by the software Optical [60]. The model implemented by this
software is based on a generalized matrix method to treat multilayer systems
composed of materials with coherent and incoherent optical behavior and the
light energy flux inside the multilayer is computed. Internal light absorption
is then derived [60]. The software allows to simulate R&T spectra of films
deposited on glass and to fit the experimental spectra to obtain the extinction
coefficient of the film (k) when the real part of the refractive index (n) is given
as an input. The refractive index is given by N = n+ik. The software looks

for the k values for which the following equation is satisfied:

P
11— R, 1—R,

(2.19)

where T, and R, are the measured R&T spectra, while T, and R, are the
simulated spectra [60]. The absorption coefficient can be determined using

the expression [61]:
Ak (2.20)
o= — .
A
The software Optical also allows the simulation of mixed layers once the

optical constants of the constituting materials are known.

The simulations performed on the SRC/SiC ML spectra use the refractive
index spectra of SiC and a-Si as determined by fitting [62] and the reference
single SiC and a-Si layers, whereas the optical function of Si NCs were ap-

proximated using the literature function of continuous nc-Si [63].

The absorption coefficient and the Tauc gap of the SiO,N, thin films
are obtained from R&T spectra measured by a Cary spectrometer from Var-
ian. The layers have been deposited on glass. The spectra are taken in the

range 300-1500 nm and the absorption coefficient has been deduced using

a(hv) = Cllln (%h(:;”)) (2.21)

the expression [64]:
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where T'(hv) and R(hv) are the measured transmission and reflection spec-
tra, while d is the thickness of the layer obtained from ellipsometry mea-
surements. Thin film interference fringes appears in the region of medium
absorption, whose contribution for the determination of o could be reduced
using Eq. 2.21 [65]. A fit in the high absorption region of (ahr)!/? has been

performed in order to obtain the Tauc gap Er values following the relation:
(o~ h)? o (hv — Er) (2.22)

in the hypothesis of indirect band gap and disordered material [66].



Chapter 3

Results: SRC/SiC multilayers

The following sections report the experimental results obtained on SRC/SiC
multilayer (ML) systems for photovoltaic applications. Section 3.1 deals with
the optical properties of the ML, Sec. 3.2 reports the results on the mor-
phology measured with the Atomic Force Microscopy (AFM), the electrical
properties at the nanoscale are described in Sec. 3.3 and the results on the

conductivity of the multilayers are reported in Sec. 3.4.

3.1 Optical properties

The presence of silicon nanocrystals (NCs) within the multilayers deeply
affects their properties. The question of which is their role in the optical
properties of the ML has been addressed using Reflection and Transmission
(R&T) measurements.

Previous studies on these systems clarified the structure of the annealed
ML, evidencing the formation of Si NCs surrounded by an amorphous tis-
sue [40, 67], as reported in Sec. 2.3. The SiC matrix shows a 63% crystallized
fraction in form of 3C-SiC NCs of about 3 nm diameter. Some details rel-
ative to the analyzed samples can be found in Tab. 2.1 and Sec. 2.1. R&T
spectra has been fitted using the software Optical and the Bruggeman Ef-
fective Medium Approximation (EMA) [68] in order to obtain quantitative

information on the nc-Si, a-Si and SiC relative volumes, provided that the

49
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optical functions (n, k) of the components are known [43].

An example of simulation for sample X9-4 (dspc=4 nm) deposited on
quartz is reported in Fig. 3.1a, while nominal R&T spectra expected for
varying SiC/a-Si/nc-Si composition are reported in Fig. 3.1b. The measured
R&T spectra for sample X9-4 are also reported in Fig. 3.1a. The spectra can
be qualitatively interpreted by distinguishing three regions: region A (high
absorption, T=0), region B (low absorption, T#0, R+T< 100%), and region
C (transparency: R+T= 100%), as reported in Fig. 3.1a. In regions B and
C, the interference of light reflected at the surface and at the interface with
the substrate gives rise to an oscillating pattern.

In region C, the fringe contrast is determined by the refractive index con-
trast between multilayer and substrate. Such peculiarity allows to determine
the SiC-to-Si ratio. This is also illustrated in Fig. 3.1b (right), where the
crystallized fraction y. is fixed and the SiC-to-Si ratio is varied. x. is de-
fined as the ratio between the nanocrystallized-to-total Si volume. The figure
shows that the fringe contrast increases with decreasing SiC volume fraction,
as a consequence of the lower refractive index of the mixture. The determi-
nation is basically independent of x., due to the similarity of the refractive
index of a-Si and nc-Si, as shown in the inset of Fig. 3.1b.

In region B, the fringe contrast is damped by absorption in the multilayer,
and the onset of transmittance suffers a blue shift for increasing . because
of the higher absorption of a-Si with respect to nc-Si. The occurrence is
illustrated in Fig. 3.1b (left). In this figure, the SiC-to-Si volume ratio is
kept constant while y. is varied. Once the SiC-to-Si ratio is determined, y.
is therefore univocally determined by the onset of T. The inset of Fig. 3.1b
shows the absorption coefficient of the involved materials. Volume and crys-
talline fractions of the multilayers have been evaluated with this approach

and they are reported in Tab. 3.1.

3.2 Morphological analyses with AFM

Figure 3.2a shows the surface topography of sample X9-2 measured by
AFM in tapping mode. At the same time also the phase contrast image,



3.2 Morphological analyses with AFM

Sample Vsic Vsi Xe E, of) op
name (%) (%) (%) (eV) (S/cm) (S/cm)
X9-2 75 25 20 0.20 1.74-107% 8.03-1076
X9-3 72 28 47.5 0.21 4.74-107%2 1.21-10°°
X9-4 58 42 57 0.24 1.6-107' 1.38-107°
nc-SiC 100 0 - 0.19 3.27-107* 2.19-10°7

ne-Si [40] 0 100 100 0.38 85 3.53-107°
a-Si [40] 0 100 0 0.16 9.00-107* 1.78-10°¢

Table 3.1: SiC and Si (amorphous and crystalline) volumes and crystallized
silicon fractions extracted by fitting of the R&T spectra. Activation energies
(E.), 0o and dark conductivity (o4) of the samples with dsgc equal to 2, 3
and 4 nm and the reference SiC and Si layers. [43].
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Figure 3.1: (a) Measured (lines) and simulated (symbols) R&T spectra of
sample X9-4 with dsgc=4 nm. The simulation is obtained using the complete
ML structure including surface and buffer layers as indicated in the figure.
(b) Computed spectra of 220 nm film/quartz, for different SiC/a-Si/nc-Si
compositions of the film. On the left: SiC=62%; x.=37-79%. On the right:
Xc=b6%; SiC=52-72%. x. represents the crystallized fraction [43].
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Figure 3.2: Tapping mode AFM performed on sample X9-2 with dsgc=2
nm: (a) topography and (b) phase contrast maps [43]. The maps have been
acquired in repulsive regime.

which represents the difference in phase with respect to the free oscillation,
is recorded and the results are shown in Fig. 3.2b. Phase contrast maps
have been obtained keeping the tip-sample interaction always in the same
regime (attractive or repulsive) in order to avoid switches during the mea-
surement [51, 69]. The set point is therefore chosen in order to keep the
interaction between the tip and the sample repulsive over the whole image,
and consequently all the phases recorded are less than 90°. Energy dissipa-
tion variation can be related to changes in the amorphous/ crystalline phase,
and/or to compositional variation, i.e. to the silicon content in different ar-
eas of the sample, and/or to variation in the local strain [50]. In the present
map the phase contrast variation could be related to compositional and phase
inhomogeneities, as Si and SiC crystalline phase coexist with amorphous Si
and SiC, as shown from the volume and crystal fraction values reported in
Tab. 3.1.

The features visible in the topography and phase contrast maps of Fig. 3.2
are larger than the Si or SiC NCs, which have diameters ranging from 3
to 5 nm, as observed by TEM [40], indicating either the presence of NC
clusters, or a consequence of the AFM maps revealing features related to
the tip-sample convolution. The same effect can be seen in maps acquired

in attractive regime, as shown in Fig. 3.3. Figures 3.3a and 3.3b show the
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Figure 3.3: Tapping mode AFM images of sample X9-2 (dsgrc=2 nm) (a) and
X9-4 (dsgrc) (b). The maps have been acquired in attractive regime.

surface morphology measured by AFM in attractive regime for samples X9-2
and X9-4, respectively. Data acquisition in attractive regime allows reduced
tip damage and resolved maps can be obtained. The maps reveal the presence
of grains of different dimensions and more large aggregates are visible in
Fig. 3.3b. These features can be related either to the presence of NC clusters
or to the etching procedure described in Sec. 2.1. The attractive regime maps
have been used to evaluate the RMS roughness of the surfaces, which varies

between 1.2 and 1.4 nm for 1x1 pm? maps.

3.3 Conductivity at the nanoscale: c-AFM

The local conductivity of the layers is measured by c-AFM to identify
the current paths at the nano-scale. Figure 3.4 shows 1x1 pm? c-AFM maps
of multilayers. The bias applied to the tip is +2 V and the current ranges
between 0 and 60 pA for sample X9-2 (Fig. 3.4b). Conductivity variations can
be noted and the darker areas correspond to lower conductivity. Figure. 3.5a
shows topography and current profiles taken over the same scanning line. As
no direct correlation between topography and current profiles was observed,
morphology related artifacts can be excluded. A similar behavior is observed
for samples with 3 and 4 nm SRC layer thickness and the current measured
at the same bias is in the range 0-68 pA for sample X9-3 (Fig. 3.4d) and 0-
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103 pA for sample X9-4 (Fig. 3.4f). Profiles of topography and current over
the same scanning line have been taken for these samples as well and they
are reported in Fig. 3.5b and 3.5¢, respectively. Morphology related artifacts
can be excluded in these cases too. Artifacts relative to sample oxidation,
memory effects and tip damage can be excluded due to the carefully chosen
experimental conditions [70, 71].

The increase of dsge results in a higher crystalline fraction (see Tab. 3.1),
that determines an increased conductivity. The current maps show cluster
and dot-like features with diameters between 50-100 nm with different con-
ductivities (Fig. 3.4). These features can be related to clusters formed by
Si or SiC nano-crystals, as cluster formation is observed in [40]. This map
presents a pronounced difference with respect to the case of nc-Si:H [72-74],
where in the intrinsic layers all the Si NCs clusters showed similar conduc-
tivities, but different from the matrix one. In the present case the different
conductivity of clusters can be related to compositional variation (Si or SiC
content), and/or to unintentional doping by contamination with N and O.
In particular, some of the clusters show a conductivity lower, others higher
than the matrix. As for increasing Si content the conductivity increases, it
can be assumed that conductive clusters are associated to Si rich NCs. In
such a complex system it is unlikely that the current could flow across the
clusters, which show very different conductivity levels, while it can be figured
out that the current flows mainly through the cluster boundaries or through

the disordered tissue surrounding the clusters.

3.4 Conductivity measurements

Current-voltage characteristics have been measured locally with the AFM
in contact mode. Figure 3.6a shows the obtained results, where each curve
is the average of 10 measurements taken in different positions on the sample
surface. The IV curves show a defined trend: at the same bias the current
increases with increasing dsgrc. It is possible to compare this result with
the lateral conductivities measured with the deposited Ni contacts that are

shown in Fig. 3.6b. The conductivity increases from 8.03 - 107¢ S/cm to
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Figure 3.4: C-AFM performed on the SRC/SiC ML: (a) topography and (b)
current maps of sample X9-2, (¢) topography and (d) current maps of sample
X9-3, (e) topography and (e) current maps of sample X9-4 for a bias voltage
of 2 V applied to the AFM tip. (a) and (b) adapted from [43].
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Figure 3.5: Height and current profiles of samples X9-2 (a), X9-3 (b) and
X9-4 (c).
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Figure 3.6: (a) Local IV measured with AFM and (b) macroscopical conduc-
tivity measured as a function of temperature [43]. Reference data for nc-Si,
a-Si, nc-SiC and a-SiC are reported [40].

1.38 - 107° S/cm with increasing dsgc (2-4 nm), showing the same trend
of the local measurements. Figure 3.6b shows measured conductivity values
plotted as a function of inverse temperature for the SiC/SRC multilayers. For
comparison, conductivity is also plotted for reference samples a-Si, a-SiC, nc-
Si and nc-SiC. It is worth noting that the conductivity of the layer increases
when the SRC layer thickness increases and the conductivity values are higher
than a-Si, a-SiC and nc-SiC, but lower than nc-Si. All plots show thermally
activated process that can be fitted by Eq. 2.17. The results obtained for
E,, oy as well as the measured dark conductivity at room temperature oy

are reported in Tab. 3.1.

Figure 3.7 shows the conductivity prefactor oy as a function of the activa-
tion energy F,. The data from [75, 76] are also reported for comparison. The
data obtained from the SRC (2-4 nm) multilayers follow the Meyer-Neldel
rule. MNR exists in many disordered systems as a-Si:H, nc-Si:H, nc-Si:H [76]
and porous Si [75]. While the MNR per se does not allow to establish the
conduction mechanism, the comparison of the MNR parameters with litera-
ture data can be useful to propose some hypothesis on the conduction. The
authors of [75] showed that many data points of different groups mix around
two distinct lines, replotted in Fig. 3.7, and attributed this behavior to the

existence of two different transport mechanisms: the upper lines represent
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extended-states transport and the lower line represents intercrystallite hop-
ping transport. It is worth noting that our data points lie between the two
lines, but for increasing dsgc they move towards the upper line. The fol-
lowing picture can be figured out: for increasing dsrc the layer structure
changes. As shown in [40], the SiC/SRC multilayer survives after annealing
only for dsgrc larger than or equal to 3 nm. For dsrc lower than 3 nm the
NCs form, but they are randomly dispersed in the matrix. For dsgc >3 nm
the multilayer structure is maintained after annealing and the related TEM
image (Fig. 2.2 in Sec. 2.1) clearly shows the presence of NCs [40]. Bound-
aries between layers and dots, interfaces, disordered tissue are also present
in this structure. The conduction mechanism across this multilayer likely
occurs via extended states, as can be noted from the comparison between
our data and upper line in Fig. 3.7.

This picture is also confirmed by the conductive AFM results shown in
Fig. 3.4, where the clusters show different conductivity values. Hopping
mechanisms between those clusters are unlikely, while the most probable

conduction path involves intra-grain layers and interfaces.

3.5 Conclusions

The effect of the variation of the SRC layer thickness on the properties
of the multilayers has been investigated. The SiC and Si volumes and Si
crystalline fraction y,. have been obtained from the analysis of R&T spectra.
An increase of x. has been observed for increasing dsrc. This fact leads to
an increase of the transmission measured at low wavelengths.

Phase contrast maps acquired with AFM in tapping mode reveal varia-
tions in the tip-sample energy dissipation, that is due to either differences
in the layer composition and/or changes in the amorphous/crystalline phase.
The conductivity at the nano-scale has been measured by c-AFM and clus-
ters with quite different conductivity have been observed. In this system it is
unlikely that the current could flow across the clusters, while the disordered
tissue surrounding the clusters can be a preferred conduction path.

The increase of dsgc leads to a higher crystalline fraction that is re-
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Figure 3.7: MNR parameters o plotted as a function of F, for the present
samples (squares - multilayers, dots refer to a-Si and nc-Si). Trends from
literature data are also reported; the solid line and dashed line are data
from [75], the dotted line is from [76]. Both upper lines (solid and dot)
represent conduction through band-like states and the lower line (dashed) is
related to conduction through hopping [43].
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sponsible for an increased conductivity, measured both locally with c-AFM
and macroscopically through the deposited Ni contacts. Temperature de-
pendent IV curves have been performed and the results have been fitted
using the Meyer-Neldel rule. The data lie between the literature trend for
band-like and hopping conduction mechanism. For increasing dsgc the data
move towards the trend reported for band-like conduction. As the multilayer
structure survives only for dsgc > 3 nm, where boundaries between layers
and disordered tissue are present. The conduction mechanism across the ML
likely occurs via extended states.

The band-like conduction observed for larger SRC thickness, which is a
prerequisite for high mobility transport, is an encouraging feature in view
of applications in photovoltaic of the Si NCs/SiC system. The material is
expected to combine the needed tunable absorption properties with efficient

charge collection and conduction.



Chapter 4

Results: Si0,;N,, thin films

The following sections review the results obtained on SiO,N, thin films.
Section 4.1 is focused on the structural analyses of the SiO,N, layers. The
characterization techniques used are HR-TEM, EDX, FTIR and Raman spec-
troscopy. In Sec. 4.2 the morphology of the layers is studied using the AFM,
while Sec. 4.3 and 4.4 deal with conductivity and optical analyses, respec-

tively.

4.1 Structural analyses

4.1.1 SEM and HR-TEM

The SiO, N, thin films were deposited by PECVD on both glass and FZ Si
substrate. The deposition conditions are summarized in Tab. 2.2. Figure 4.1a
shows a Scanning Electron Microscope (SEM) image of the cross section of
sample B (Rn20=16.7%) annealed for 3 h. The thickness of the sample is 224
nm. Areas with different contrast are visible and they can be ascribed to the
NCs presence in the layers after the annealing process. The question on how
the actual formation of crystals works in the SiO,N,, layers therefore rises [44].
According to HR-TEM measurements (Fig. 4.1b), the crystals form randomly
throughout the layer without a preferred crystalline orientation, as it is visible
from the orientation of the lattice planes in Fig. 4.1b. The image shows HR-
TEM results on the cross section of sample D (Rn20=28.6%), annealed for
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10 1/nm
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Figure 4.1: a) SEM picture of sample B (Rn20=16.7%, 3h annealed). b)
HR-TEM picture of sample D (Rn20=28.6%, 6 h annealed) [44].

6 h. The measurement has been done in proximity of the interface region
between the SiO,N, film and the substrate. The inset of Fig. 4.1b depicts
the diffraction pattern of the SiO,N, layer and the absence of a preferred
NC orientation (as it is also visible from the SiO,N, region Fig 4.1b) and
the presence of on amorphous network is visible thanks to the rings and the

diffused halo present in the pattern.

4.1.2 Raman spectroscopy

Raman spectroscopy has been used in order to investigate the dependence
of the crystalline fraction y from the deposition conditions and thermal treat-
ments and it has been obtained by Eq. 2.5. The resulting values of y are
plotted as a function of annealing time and N,O dilution in Fig. 4.2a and
Fig. 4.2b, respectively. x generally increases as a function of the anneal-
ing time and the results relative to the highest and lowest Rnoo values are
reported in Fig. 4.2a (9.09% for sample A and 47.4% for sample D). On
the other hand, the crystalline fraction decreases with increasing Rn2o in-

dependently of the thermal treatment (Fig. 4.2a). However, even at the
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Figure 4.2: a) Crystalline fraction y depending on the annealing time for
highest (Rn20=47.4%) and lowest (Rn20=9.09%) NoO dilution. b) Crys-
talline fraction x depending on N,O dilution after 3 h annealing [44].

lowest NyO concentration (9.09%) only a crystalline fraction of 67% could be
reached in the as-deposited (i. e. without annealing) state (Fig. 4.2a), which
is a lower value with respect to nanocrystalline silicon (nc-Si) layers, where
a crystalline fraction of more than 85% can be reached in the as-deposited
state. This result can be understood in view of an increasing disorder due
to the incorporation of nitrogen and mainly oxygen within the amorphous
network [12]. Generally, the order of the amorphous network can be en-
hanced by increasing the hydrogen (Hs) dilution during deposition, because
monoatomic hydrogen etches weak bonds [77]. The SiO,N, films had to be
annealed for 3 h at 800 °C in a nitrogen atmosphere in order to reach high
crystalline fractions (up to 88%, see Fig. 4.2a) due to technical limitation to
the higher Hy to SiH, ratio achievable with the used PECVD system. y rises
during annealing, but saturates for all the N,O dilutions after 3 h in the oven
(Fig. 4.2a). Even in the annealed state crystalline fraction diminishes with
ascending N,O dilution (Fig. 4.2b) due to the increased disorder induced by
oxygen. The increase of Rnop accounts for an increased amount of oxygen
in the matrix in the as-deposited state, while the nitrogen content remains

almost constant as it was showed by SIMS results [12], reported in Sec. 2.2.
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4.1.3 FTIR spectroscopy

The bonding structure of the layers has been investigated by FTIR spec-
troscopy and the results are shown in Fig. 4.3. In particular, the Si-O-Si,
Si-H and Si-H, bond have been investigated. The frequency of these bonds in
Si based materials is known from the literature [49, 78]. In the as-deposited
state (squares), the peak position of the Si-O-Si bonding signal shifts linearly
with rising N, O dilution towards higher wavenumbers (Fig. 4.3a). The linear-
ity of this shift for the as-deposited layers reveals a homogeneous distribution
of Si-Si and Si-O-Si bonds, as shown in Ref. [45, 46]. In a similar way, the
intensity of the Si-O-Si peak increases with rising N,O dilution (Fig. 4.3b),
indicating a higher oxygen incorporation within the layers, as it has been
confirmed in previous work by SIMS measurements [12]. Figure 4.3a shows a
shift of the peak position towards higher wavenumbers for the layers due to
the annealing process (circles and triangles). In this case, the increase of the
wavenumber with N,O dilution becomes a non-linear trend of the wavenum-
ber reaching 1081 cm™!, which is the Si-O-Si peak position of stoichiometric
SiO4 [79]. This effect indicates the occurrence of a phase separation of the an-
nealed layers in Si-rich and O-rich areas [45, 46]. This result is in agreement
with what observed with EDX measurement that are presented in Sec 4.1.4.
No difference between the 3 h and 6 h annealed sample can be seen with

respect to the Si-O-Si peak position.
The intensity of the Si-O-Si bond is proportional to the density of this

bond and increases during annealing for all NoO dilutions as it is depicted in
Fig. 4.3b. A difference between the 3 h and 6 h annealed layers is visible for
low Rx20, but vanishes with rising Ryoo (Fig. 4.3b) and the reason for this

behavior is still under investigation.

An additional peak at 1190 cm ™! arises during annealing as it is depicted
in Fig. 4.3c. The data are relative to sample B (Rn20=16.7%) and the
squares represent the Si-O-Si peak measured with FTIR in the as-deposited
state, while the circles are relative to the 3h annealed layer. This peak
can be attributed to interstitial oxygen [80, 81] and no clear trend of its

intensity depending on the N,O dilution or the annealing time could be
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Figure 4.3: FTIR peak position (a) and integrated absorbance (b) for dif-
ferent NoO dilutions and annealing times; FTIR measurements of sample B
(Rn20=16.7%, as-deposited and 3 h annealed state) in the Si-O-Si (c¢) and
Si-H (d) bond region [44]. Squares and circles represent the experimental
data, the dashed lines the single peak fits and the solid lines the cumulative
fits. e) Si-H and Si-H, peak positions (filled markers) and intensities (empty
markers). f) H content for different Rxo0 dilutions.
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found. However, as this peak is not observed in any spectrum of the as-
deposited layers, this is another hint of annealing induced oxygen relocation,

i.e. the formation of O-rich and Si-rich areas.

Figure 4.3d depicts the measured absorbance of sample B (Rn20=16.7%)
in the region of Si-H and Si-H, bonds. The squares and circles are relative to
the measured data in the as-deposited and 3 h annealed state, respectively.
The dashed lines represent the single peak fits, while the solid line is the
cumulative fit. It is worth noting that Si-H and Si-Hs bonds can only be
observed in the FTIR spectra in the as-deposited state, as hydrogen desorbs
due to the long annealing at high temperature as expected [82]. Figure 4.3e
shows the peak positions (filled markers) and intensities (empty markers) of
Si-H and Si-Hs bonds as a function of Rxo0 for the layers in the as-deposited
state. The peak positions do not show any significant change with enhanced
oxygen incorporation and the same is valid for the Si-H, bond intensity, while
a decrease of the Si-H bond intensity can be observed. Figure 4.3f shows the
H content (Np) as obtained from Eq. 2.8. A decrease of Ny is observed when

Rnoo increases from 9.09% to 16.7%, followed by a constant trend of Ny.

4.1.4 EDX results

The relocation of oxygen observed by FTIR spectroscopy has been con-
firmed by an EDX measurement taken with an HR-TEM. Figure 4.4a depicts
the morphology (Fig. 4.4a) and the O, Si and N content (Fig. 4.4b-4.4d) of
sample D (Rx20=28.6%), annealed for 6 h. The measurement has been per-
formed on a cross section of the sample. Figure 4.4b clearly reveals a non-
homogeneous oxygen distribution within the film, while the Si distribution
appears to be homogeneous within the layer (Fig. 4.4c¢). The distribution of
nitrogen is shown in Fig. 4.4d, where some non-homogeneities are visible. It
is worth noting that the nitrogen content within the layer after the deposition
is lower than the oxygen one (~ one order of magnitude at this dilution [12])
and that the presence of nitrogen in the substrate area is related to the cross

section cutting.
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Figure 4.4: HR-TEM measured morphology (a) and EDX measured oxygen
(b), silicon (c) and nitrogen (d) content of sample D (Rx20=28.6%, 6 h
annealed) [44].
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Figure 4.5: (a) Topography and (b) phase contrast map of sample B, 6 h
annealed, (Rn20=16.7%) measured with AFM in tapping mode [44].

4.2 Morphological analyses: AFM

AFM microscopy has been used to measure the topography and the
phase contrast of the SiO,N, thin films deposited on Si substrate. The
measurements have been performed in repulsive mode (i.e. ¢ < 90°, see
Sec. 2.3.2) and the obtained topography and phase contrast maps for sample
B (Rn20=16.7%, 6 h annealed) are reported in Fig. 4.5a and Fig. 4.5b, re-
spectively. Variations in the recorded phase are related to differences in the
energy dissipated between the tip and the sample, following Eq. 2.10 [50, 53].
Such kind of variation are visible in Fig 4.5b, where the recorded phase lies
between 57° and 79° and clusters with different contrast are visible. These
differences can be due to differences in the crystalline content in different
areas of the sample, as well as to variations present in the composition of the
layers. As EDX and FTIR measurements reveal a non-homogeneous distri-
bution of the oxygen within the layers, it is possible to attribute the observed
phase variations to the different oxygen content in different areas of the layer.
This is, therefore, another indication of the relocation of oxygen within the
layers after the annealing, in agreement with the structural results shown in
Sec. 4.1.3 and 4.1.4.

The surface evolution with respect to the annealing time is measured

with AFM in tapping mode, attractive regime (i.e. ¢ > 90°). A super-sharp
tip (NT-MDT NSC-DLC) has been used for imaging and the regime chosen
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Figure 4.6: AFM topography map of a SiO,N, film (Rn20=16%) in the
as-deposited state (a) and after 3 h (b) and 6 h (c) annealing [44].

allowed to limit tip damage and to obtain defined images. Figure 4.6 depicts
the recorded topography of sample B in the as-deposited state (Fig. 4.6a) and
after 3 h (Fig. 4.6b) and 6 h (Fig. 4.6¢) of annealing. It has been observed
that larger clusters are emerging with increasing annealing time. In order to
quantify the surface modifications as a function of the annealing time, the
lateral correlation length & has been evaluated from the HHCF (Eq. 2.11)
and the Watershed method described in Sec. 2.3. The lateral correlation
length is a measure of the size of the mounds present on the surface.

The quantities that can be extracted from the fit of the HHCF are the
roughness of the surface (Rgpcr), the correlation length (£) and the rough-
ness parameter («), as described in Sec. 2.3.2. The roughness obtained by
this method can be compared with the averaged root mean square roughness
(R,;). The HHCF has been evaluated for maps taken in different areas of
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Figure 4.7: a) HHCF obtained from three different AFM maps taken in
different areas of sample B (Rn20=16.7%), as-deposited. b) Averaged HHF
of sample B, as-deposited. The solid line represent the fit to the HHCF.

the sample. Figure 4.7a reports the HHCF obtained for three 0.5x0.5 pm?
maps of sample B (Rn20=16.7%, as-deposited state) plotted as a function
of the surface points distance. A fit of the HHCF has been performed using
Eq. 2.16 on the HHCF averaged over three different maps for each sample
analyzed. An example of the fit is shown in Fig 4.7b, where the markers
represent the averaged HHCF and the solid line is the result of the fitting
procedures. It is worth noting that the HHCF curves obtained for single
AFM maps show variations in the region where r >> ¢ (Fig. 4.7a). This
effect is due to the finite size investigated by the AFM and evaluating the
HHCF for more maps and taking the average value is equal to a bigger sam-
pling, as shown in Ref. [56]. The variation observed for r >> ¢ are reduced
when the average HHCF is calculated (Fig. 4.7b), as it is expected when the
size of the investigated area for self-affine surfaces is increased [56].

The results obtained for sample B (Rnx20=16.7%) in the as-deposited
state and after the thermal treatment are reported in Tab. 4.1. The values
of the surface roughness Rypcr and R, do not change as a function of the
annealing time within the standard deviation. It is worth noting that the
errors reported in Tab. 4.1 are only the statistical ones, i.e. the ones that
arise from the average over different maps. Therefore, the small errors asso-

ciated to Rgpcr indicate that this quantity is less sensitive to variations over
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Annealing time (h) R, (nm) Rppeor (nm) a
0 1.3+£0.1 1.35£0.01 0.89+0.01
3 14+0.1 1.36£0.01 0.94+0.04
6 1.3+£0.1 1.26£0.01 0.944+0.03

Table 4.1: Root mean square roughness (R,), HHCF roughness (Runcr) and
« as a function of the annealing time for sample B (Rn20=16.7%). The errors
reported are standard deviations.

different areas of the sample with respect to R,. A study of the systematic
sources of errors to these quantities needs to be performed in order to evalu-
ate their contribution to the analysis. Anyhow, statistical errors lower than
1% are guaranteed by HHCF analysis. The obtained values of the roughness
parameter are between 0.8 and 1, similar to what is expected for Si [83-85].
The results relative to the lateral correlation length will be presented in com-
parison with the ones obtained with the Watershed method later on in this
section.

The results of the HHCF analysis relative to different Ryoo values are
reported in Tab. 4.2. All the samples analyzed were annealed for 3 h. No
significant differences between the recorded surface roughness can be ob-
served for R0 values up to 28.6%. A slight increase can be seen for sample
E, which has a high Ryoo value of 47.4%. This increase can be due to a
higher disorder of the layer, which shows a lower crystalline fraction (70%)
than the others (x > 75%), as reported in Tab. 4.3. The enhanced disorder
of this layer can be the source of the increase in the recorded roughness. The
values of Rypcr and R, are compatible with each other within the errors and
a lies between 0.8 and 1.

The lateral correlation length & can be evaluated from the fit of the HHCF
and from the Watershed method, as described in Sec. 2.3. The first step in
the Watershed analysis is the location of the grains present on the AFM maps
and their segmentation. The two main sources of errors in this procedure are
the following: a single grain could be split in two or more grains and several
different grains could be grouped together in a single grain. The parameters

showed in Tab. 4.4 are the best choice for the samples under investigation
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Sample name Rnoo (%) R, (nm) Rppep (nm) o
A 9.09 1.4+0.1 1.49+0.01 0.84 £0.01
B 16.7 1.4+0.1 1.36 £0.01 0.94£0.04
C 23.1 1.3+0.1 1.31+£0.01 0.92+£0.01
D 28.6 1.44+0.1 1.41+0.01 0.86+0.02
E 47.4 1.64+0.1 1.59+0.01 0.90+£0.02

Table 4.2: Root mean square roughness (R,), HHCF roughness (Ryncr) and
a as a function of Rygo for 3 h annealed samples. The errors reported are
standard deviations.

Sample name Ryoo (%) x (%)

A 9.09 88 £ 2
B 16.7 82+£2
C 23.1 81+ 2
D 28.6 ==
E 47.4 70+ 2

Table 4.3: Crystalline fraction x as a function of Ryoo for 3 h annealed
samples.

and they strongly depend on the kind of morphology under study.

The software Gwyddion has been used for the grain identification with
the parameters of Tab. 4.4 and the software produces a mask superimposed
to the original AFM map that represents the identified grains. Statistical
information, such as grain number and equivalent disc radius distributions,
are also available after the identification.

Two sources of error in the identification of grains can be present:

e small grains close to each other are grouped and identified as a single

grain;
e cxperimental noise is incorrectly identified as a very small grain.

A careful choice of the parameters reduces the incorrect merging of grains,
but very small grains are still incorrectly identified in a lot of cases. The

latter are therefore noise contributions left to the analysis. The reason for
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Grain location

Number of steps 1
Drop size 10%
Threshold 2px?

Segmentation

Number of steps 100
Drop size 10%

Table 4.4: Watershed parameters used for grain location and segmentation
in Gwyddion.

the incorrect identification is the following: local minima are identified on
the inverted surface when small variations in the topography are recorded
due to noise in the AFM measurements. Some of the contributions to this
effect are acoustic noise, mechanical vibrations and thermal effects. Even
if the experimental set up is optimized for the reduction of the mentioned
sources of noise, some effects are anyhow present. Figure 4.8a shows the
AFM topography recorded for sample B (Rx20=16.7%) in the as-deposited
state and in Fig. 4.8b the mask of identified grains is superimposed to the
AFM map.

In order to reduce the contribution of incorrectly identified grains to the
analysis results, a threshold to the smallest accepted area can be applied to
the mask subsequently. Thresholds from 0 up to 25 px? have been applied
to the masks and the Equivalent Disc Radius (EDR) distribution is studied.
Figure 4.9 depicts the obtained distributions for sample B (Rx20=16.7%, as-
deposited) with different threshold applied. The EDR reported in Fig. 4.9a
is the one obtained if no threshold is applied to the analysis. The first peak
visible for low ERD value is due to the presence of Incorrectly Identified
Grains (IIGs). When a threshold of 2 px? is applied, this peak is strongly
reduced, as it can be seen in Fig. 4.9b. The increase of the threshold value
leads to an incorrect increase of the average EDR, because real grains are
removed from the mask in this case. This effect is underlined by Fig. 4.9c,

where a 19 px? threshold is applied. The value chosen for the Watershed
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Figure 4.8: a) AFM topography map of sample B (Rn20=16.7%), as-
deposited. b) Watershed mask superimposed to the topography map of
sample B.

analysis is 2 px?, as this threshold guarantees a significant reduction of noise

without removing grains relevant for the analysis.

The lateral correlation length obtained with HHCF and Watershed anal-
yses is reported in Fig. 4.10. Figure 4.10a shows ¢ as a function of the
annealing time for sample B (Rx20=16.7%) in the as-deposited state and
after annealing, while in Fig. 4.10b ¢ is plotted as a function of Ryso for 3
h annealed samples. The increase of £ with the annealing time (Fig. 4.10a)
indicates that the mounds enlarge with annealing time, which is quite typical
in 3D growth [86]. The increase of £ observed with increasing N»,O dilution
(Fig. 4.10b) indicates the formation of larger mounds that could be related
the observed changes of the structural properties of the SiO,N, layers with
increasing Ryo0, such as increased the increased disorder observed with oxy-
gen incorporation within the films (Fig. 4.2b). £ obtained with HHCF and
Watershed analysis shows a similar increasing trend with respect to increas-
ing annealing time and Ryoo and the errors associated to the Watershed
results are larger. This is due to the higher statistical fluctuation of Wa-
tershed analysis with respect to the HHCF one. More statistic is therefore
needed to obtain reliable results with the Watershed method.
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Figure 4.10: Lateral correlation length ¢ depending on annealing time (a)
and NoO dilution (b) determined via the HHCF and Watershed analyses.

4.3 Conductivity analyses: c-AFM and tem-

perature dependent conductivity

The conductivity of the SiO,N, layers has been investigated both at
macroscopical and microscopical level. In order to gain information about
the transport properties at the nano-scale, AFM microscopy in current mode
(c-AFM) has been used. The measurements have been performed following
the scheme depicted in Sec. 2.3. Figure 4.11 shows the recorded topogra-
phy (Fig. 4.11a) and current (Fig. 4.11b) of sample A (Rx20=9.09%, 3 h

annealed).

The c-AFM map shows dark grains with an enhanced conductivity, likely
related to clusters of nanocrystals that could have a higher Si content with
respect to the surrounding matrix. In addition, grains with quite different
conductivity appear in the map. The reason can be the size of the nanocrys-
tals itself, which can cause different effective doping concentrations [30, 87]
and/or the grain composition. The crystalline phase has a strong role in
conductivity enhancement as demonstrated by macroscopical current-voltage
measurements, which show that conductivity increases with the crystalline

fraction (Fig. 4.12a). Therefore, the dark conductive grains in Fig. 4.11b
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Figure 4.11: (a) Topography and (b) c-AFM map for sample A (Rn20=9.09%,
3 h annealed). Differences in the conductivity can be associated with the
presence of the nanocrystals [44].

could likely be related to regions with high crystalline content. Those grains
could be formed of clustering of nanocrystals with high Si content. Struc-
tural measurements have pointed out that oxygen incorporation within the
layers results in enhanced crystalline disorder (Fig. 4.2b), therefore oxygen
could cluster at the amorphous sites, leading to lower local conductivity
paths observed by c-AFM (Fig. 4.11b). Similar behavior has been observed

for samples with different Ryoo content.

The room temperature dark conductivity oq. measured by IV analyses
follows the trend of the crystalline fraction, decreasing with rising NoO di-
lution (Fig. 4.12b) and a very high dark conductivity up to 44 S/cm can be
reached in the annealed state for sample A (Rx20=9.09%, 3 h annealed ). No
significant difference in dark conductivity between the 3 h and 6 h annealed
films could be found. The activation energy E, and the pre-factor oy have
been calculated from temperature dependent conductivity measurements and
have been plotted in Fig. 4.12¢ and Fig. 4.12d, respectively. The pre-factor
oo follows the same trend of the crystalline fraction, while the activation
energy F, shows an increasing trend with N,O dilution. F, represents the
amount of energy required for the conduction to occur, and its increase with
N5O dilution can be explained by taking into account that a higher Ryno0

improves the amount of the amorphous phase, which impedes conduction.
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Figure 4.12: a) Room temperature dark conductivity og..x as a function of the
crystalline fraction after 3 h annealing. Room temperature dark conductivity
daark (b), pre-factor oy (¢) and activation energy E, (d) as a function of NoO
dilution after 3 h annealing; [44].

In addition, very small values of FE,, ranging from 1.85 to 29.5 meV have
been obtained (Fig. 4.12d), showing the very good transport properties of
these layers. This result evidences the role played by the crystalline fraction

in the electrical conduction in SiO,N,, films.

4.4 Optical analyses: Tauc gap

Optical spectroscopy analyses have been performed to determine the Tauc

optical band gap, Equuc, as defined in Eq. 2.22. The Reflection and Trans-
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mission (R&T) spectra of the SiO,N, layers deposited on glass have been
measured and compared with a Si reference sample, obtained with the same
deposition condition of the SiO, N, layers and Rn20=0% (sample R, Tab. 2.2).
Figure 4.13a and Fig. 4.13b show the measured transmission and reflection
spectra of the reference Si layer, respectively. In both cases thin film inter-
ference fringes are visible. The effect of the annealing on the Si sample is to
enhance the transmission as well as the modulation present for reflection at
low wavelengths. No significant differences can be observed between 3 and 6
h of annealing.

The measured R&T spectra for sample B (Rn20=16.7%) are reported
in Fig. 4.13c and Fig. 4.13d. The effect of the thermal treatment on the
layer is similar to what happens in the case of the reference Si sample. The
enhancement of the transmission at low wavelengths, as well as the increased
modulation present in the reflection spectrum at low wavelengths can be
related to the increased crystalline fraction measured by Raman spectroscopy
after the annealing (Fig. 4.2a). Simulations performed using the software
Optical for a mixed Si material where amorphous and crystalline material
coexist are reported in the Fig 4.13e and Fig. 4.13f. Three different values of
crystalline fraction have been considered (xy =0%, 50%, 100%) and the same
trend of the experimental data for the transmission and reflection spectra
can be observed.

Figure 4.14a and Fig. 4.14b depict the R&T spectra for samples with
different Rno0, in the as-deposited state. The variations in the spectra with
increasing Rynoo are related to an increased oxygen content within the layer,
which contributes to an increased Tauc gap of the layers, as will be shown in
the following results. The change in the peak position can be related to both
the different thickness of the layers (Tab. 2.2) and the change expected in the
refractive index due to an increased O-content. The peak position is indeed
given by 2nd = mA, where n is the refractive index, d the layer thickness, m
the order of the maximum and A\ the wavelength, thus its position depends
on the value of n.

The values of the absorption coefficient o have been evaluated from the

R&T spectra using Eq. 2.21 to reduce the effect of the interference fringes
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Figure 4.13: Transmission (a) and reflection (b) spectra of Si for different
annealing times; transmission (¢) and reflection (d) spectra of sample B
(Rn20=16.7%) for different annealing times; Simulated transmission (e) and
reflection (f) spectra of Si for different crystalline fraction. The thickness of
the simulated layer is 200 nm.
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Figure 4.14: Transmission (a) and reflection (b) spectra of SiO,N, layers
annealed for 3 h.

on the analysis. Figure 4.15a depicts the measured spectra of sample B
(Rn20=16.7%, as-deposited state) as well as the quantity 7/(1 — R). The
latter shows a significant reduction of the thin film interference, in agree-
ment with Hishikawa et al. [65]. This desirable effect is achieved for the
as-deposited samples in a larger wavelength range than the annealed ones.
However, in the region of high absorption the fringes are reduced in the an-
nealed layers as well, as it can be seen in Fig. 4.15b. The different behavior
of the as-deposited and annealed samples can be attributed to the phase sep-
aration that occurs during annealing, as in the layers different phases and
composition coexist, giving rise to internal scattering in regions with differ-
ent refractive index. The Tauc gap has been obtained from a linear fit in
the region of high absorption following Eq. 2.22 for all the analyzed samples.
Figure 4.15¢ depicts (ahr)'/? as a function of hv for sample B (Ry20=16.7%)
and the lines represent the fits (the solid, dashed and dot lines are relative to
as-deposited, 3 h and 6 h annealed samples, respectively). The intersection
of the linear fit with the x-axis gives the value of the Tauc gap.

The obtained values of E1.,. are reported in Fig. 4.16 as a function of
Rn20 for the as-deposited SiO,N, layers as well as the annealed ones. Ery,e
increases linearly with N,O dilution in the as-deposited state and this fact can
be due to a higher oxygen incorporation within the film (Fig. 4.16 and [12]).

After the annealing, no trend of Er,,. with NoO dilution can be observed,
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times. The solid line is a linear fit of the data points relative to the as-
deposited SiO,N, layers [44].

but Eq.. is generally larger after the thermal treatment. The increase of
Et.uc after 3 h annealing could be due to two different effects: 3 h annealing
leads to the formation of nanocrystals smaller than 10 nm as observed by
HR-TEM, which could cause quantum confinement effects [26], and to the
formation of O-rich areas, that could shift the gap of the layer towards the
SiOy gap (9.3 eV [88]). The decrease of Er,, from 3 h to 6 h annealing
can be related to the formation of larger nanocrystals and thus to a reduced

quantum confinement effect [26].

The Tauc gap determination of the SiO,N,, layers have revealed the effect
of the thermal treatment as well as of the oxygen incorporation on the optical
properties of the layers. The reduced absorption of the SiO,N, films after
the annealing is a suitable property for the application in the photovoltaic
field as the absorption within the emitter layer is undesirable as the carriers

recombine before the extraction, as pointed out in Sec. 1.3.2.
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4.5 Conclusions

The annealing process deeply affects the structure of the analyzed sam-
ples. The thermal treatment is effective in the enhancement of the crystalline
content of the thin films, reaching a maximum value of 88% for sample A
(Rn20=9.09%). An annealing of 3 h is sufficient for obtaining high y val-
ues, as no significant improvement is visible after additional 3 h. FTIR and
EDX measurements reveal oxygen relocation within the layers during the
annealing process, with the formation of oxygen-rich areas.

The band gap of the SiO,N, layers increases after the annealing for all
Rxoo values and this observation can be due to both quantum confinement
effects and the formation of oxygen-rich areas, with a shift of the gap towards
Si04 values. The decrease observed after additional 3 h of annealing can be
due to the formation of larger nanocrystals.

The morphology of the layers changes with the thermal treatment: an
increase of the lateral correlation length & is observed with respect to the as-
deposited samples with both HHCF and Watershed data analyses, indicating
the presence of larger structure on the sample surface.

The effects of the oxygen incorporation within the nc-SiO,N, layers have
been studied and a general increase of the disorder is observed. The crys-
talline fraction x decreases from 88% for sample A (Rn20=9.09%) to 70%
for sample E (Rn2o=47.4%) and a consequent decrease of the lateral dark
conductivity oga is observed. The activation energy F, measured for the
layers increases with Rn2o and small values of F, have been obtained (1.85-
29.5 meV). This result, together with the very high conductivity (up to 44
S/cm), shows the very good transport properties of the layers.

The conductivity at the nano-scale has been investigated by c-AFM and
grains with higher conductivity with respect to the surrounding matrix are
evidenced by the maps of the annealed layers. Oxygen rich clusters can be
related to the less conductive paths observed by c-AFM.

The increase of the oxygen content within the layers results in a generally
larger lateral correlation length, as it is observed with both HHFC and Wa-

tershed analyses. The Tauc gap shows an increasing linear trend with higher
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Rngo for the as-deposited layers, due to a higher incorporation within the
layers. No trend is observed for the annealed layers.

Sample A, which has has been deposited with low Ny O dilution (Rx20=9.09%),
shows optimum performances for photovoltaic applications. The measured
lateral dark conductivity oga, Tauc gap E;, activation energy F, and crys-
talline fraction y are the following: ogax = (44 +£4) S/cm, Eqaue=(2.5+0.1)
eV, E,=(1.85+0.09) meV and y= (88 & 2)%, values which are significantly
different than the ones obtained for nc-Si:H deposited in similar conditions
(0dgark = 1.7 S/em, Eryye=2.06 €V and E,=77 meV).

High crystalline fraction values of SiO,N, layers could be obtained also
by increasing the Hy dilution in the PECVD deposition step, thus making

this material suitable for photovoltaic applications.
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Conclusions

Silicon Rich Carbide (SRC)/SiC multilayers and SiO,N, thin films have
been studied in view of their application in third generation photovoltaics.
The deep knowledge and improved understanding of the basic physical prop-
erties of these quite complex, multi-phase and multi-component systems,
made by nanocrystals and amorphous phases, will contribute to improve the
efficiency of Si based solar cells. Si is an abundant, non-toxic element, suit-
able for worldwide terrestrial and low cost PV applications. In 2013 Si-wafer
based PV technology accounted for about 90% of the total production [89].
An improvement of Si based solar cell efficiency behind the actual values can
thus significantly impact PV technology. From the obtained experimental
results, the following conclusions can be drawn.

SRC/SiC multilayers are promising within the field of photovoltaic as
they offer a tunability of their band gap thanks to the quantum confinement
capability of the Si nanocrystals (NCs) [6]. However, different phases (amor-
phous/crystalline) and compositions (Si and SiC) coexist in such systems
and formulating a model of the structure and of the transport properties
is challenging. Therefore, the properties of the multilayers (ML) have been
investigated through Atomic Force Microscpoy (AFM), optical spectroscopy
and conductivity measurements. In particular, the effect of the variation of
the SRC layer thickness (dsgrc) has been clarified.

The tip-sample energy dissipation is mapped at the nano-scale and reveals
inhomogeneities in the sample composition and the coexistence of different
phases (amorphous and crystalline). Si and SiC crystalline and amorphous
volume fractions have been determined from the simulation of reflection and

transmission spectra. The results show that multiple phases and composi-
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tions coexist [43].

c-AFM imaging has shown variations in the conductivity at the nano-
scale. This result is in agreement with what is observed in phase contrast
imaging, and it is due to the differences in sample composition and crys-
tallinity. Clusters with significantly different conductivity have been ob-
served. Local IV measurements have been acquired with the AFM and show
a defined increasing trend with dsrc, in agreement with what it is observed
by macroscopical conductivity measured through the deposited Ni contacts.
The comparison between microscopical and macroscopical electrical measure-
ments, and in particular the evaluation of results in view of the Meyer-Neldel
rule, suggests the presence of preferential conduction paths through the dis-
ordered tissue surrounding the clusters. The conduction mechanism, when
the multilayer structure is maintained, is likely band-like. Moreover, the con-
duction mechanism occurs via band states likely located at the disordered
tissue at the interface between nanodot clusters.

This result significantly differs from the case of Si nanodots in a SiO,
matrix, where field dependent conduction mechanisms are observed [90]. In
band-like conduction, defect states and disordered tissue should play a major
role in the electrical transport, similarly to what is observed in nc-Si and
nc-SiC, where hydrogen or chlorine passivation have been tried in order to
reduce the defect role [90-93]. However, even with comparable activation
energy, the dark conductivity of SRC/SiC multilayers is remarkably higher
than the one of nc-SiC, showing better conduction properties of the layers
under investigation.

The band-like conduction observed for larger SRC thickness, which is a
prerequisite for high mobility transport, is an encouraging feature in view
of applications in photovoltaic of the Si NCs/SiC system. The material is
expected to combine the needed tunable absorption properties with efficient
charge collection and conduction.

In addition to SRC/SiC multilayers, SiO,N, thin films deposited by
PECVD have been studied in this thesis. SiO,N, thin films show promis-
ing features for their application in the photovoltaic field. In particular,

amorphous silicon oxy-nitride (a-SiO;N,) could replace amorphous silicon



Conclusions

89

as emitter layer in Silicon HeteroJunction (SHJ) solar cells thanks to its re-
duced parasitic light absorption [10, 11]. Nanocrystalline films can lead to an
increased efficiency thanks to the lower contact resistance with the transpar-
ent conductive oxide layer [13]. Therefore, the characterization of nc-SiO,N,,
thin films has been carried out in order to clarify the effect of crystallization
on the properties of the films.

The crystallization of SiO,N, layers with respect to the annealing time
and the N,O dilution during deposition have been studied, as well as the
influence of these two parameters on the properties of the layers [44]. The
obtained results show that the material undergoes a phase transition from
a homogeneously distributed material in terms of Si-Si and Si-O-Si bonds
towards a two phase material consisting of Si-rich and O-rich clusters during
annealing. Both phase separation and increase of crystalline fraction y upon
annealing could be responsible for the increase of the conductivity. In par-
ticular, oxygen rich clusters seem to be related to the less conductive paths
observed by ¢c-AFM. An increase of NoO dilution causes an enhancement of
crystal disorder, revealed through a decrease of the crystalline fraction and
an increase of the lateral correlation length.

The electrical and optical studies show that the layers exhibit very high
conductivity ogak, low activation energy F, and high Tauc gap Erac, a very
interesting characteristic for their application in Si-based heterojunction solar
cells, where low parasitic absorption and high conductivity are required.

In particular, the films deposited with low N,O dilution (Rn20=9%) and
annealed for 3 h at 800°C show optimal performances for photovoltaic ap-
plications: ok = (44 +4) S/em, Eqae=(2.5 £ 0.1) eV, E,=(1.85 £ 0.09)
meV and xy= (88 £ 2)%, values which are significantly different than the
ones obtained for nc-Si:H deposited in similar conditions (gax = 1.7 S/cm,
Etaue=2.1 eV and E,=77 meV).

High crystalline fraction values of SiO,N, layers could be obtained also
by increasing the Hy dilution in the PECVD deposition step, thus making
this material suitable for photovoltaic applications.

In conclusion, the study of nc-SiO,N, thin films has clarified the role

of crystallinity in the enhancement of the optical and electrical properties of
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SiO,N, layers. The study also evidences annealing-induced phase separation,
in particular oxygen relocation within the layers. The improved knowledge of
the microscopical and macroscopical properties of these layers is very impor-
tant for its use as window layer in innovative Si based heterojunction solar
cells.

Further analyses on the electrical transport at the nano-scale for SiO,N,
layers and a detailed study on the morphology evolution are needed. Sim-
ulation tools can be employed within this framework to better understand
the obtained results. High values of crystalline fraction should be obtained
without the annealing step. One way to do this is to increase the hydrogen
content during the deposition. Both SRC/SiC multilayers and SiO,N,, thin
films should then be employed for the realization of solar cells, in order to
further optimize the material properties for increasing the cell efficiency.

The research in the photovoltaic field is of major importance to address
the problem of climate change. Several different technologies exist to con-
vert solar light into electricity, but nowadays silicon based solar cells still
represent the majority of the market. Silicon is a non-toxic material, abun-
dant and widely distributed and offers a mature technology. However, the
record efficiency for silicon Heterojunction with Intrinsic Thin layer (HIT)
is 25.6% [23], therefore the improvement of the efficiency of Si based cells
is of major importance for phovotoltaic power generation competitiveness.
Multijunction approach as well as the employment of quantum confinement
properties are possible strategies to address such a problem. A deep knowl-
edge of the physical properties, modeling of the electrical transport and un-
derstanding of the optical properties are necessary to achieve this target.
With this thesis the transport properties of SRC/SiC systems as well as the

nanocrystal formation process in SiO,N, thin films have been clarified.
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