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Summary

nergy and materials have been assigned with great significance for the development
E of society over the past centuries. For the sake of environmental sustainability, earth-
abundant and eco-friendly materials for energy utilization have been gaining increasing
attention. Among them, barium disilicide (BaSi») possesses attractive optical and elec-
trical properties, enabling its potential for achieving low-cost and high-efficiency thin-
film solar cells. This research provides a systematical investigation on sputtered BaSi,
ranging from thin-film fabrication to properties characterizations.

Chapter 1 gives a general introduction about solar energy and photovoltaics. The
prospects and challenges of thin-film solar cell technology are discussed.

Chapter 2 is a literature review of BaSi,, including material structure, optical and
electrical properties, thin-film fabrications, and recent advancements in BaSi,-based so-
lar cell development.

Chapter 3 lists experimental methods used in this research including deposition tech-
niques and material characterization methods.

Chapter 4 exhibits the fabrication of poly-crystalline BaSi, films via sputtering with
subsequent high-temperature annealing in N, atmosphere. The film thickness unifor-
mity is determined by the target-to-substrate distance. The surface oxidation during
high-temperature annealing results in the inhomogeneous structure of sputtered BaSi,
films. An oxidation-induced structural transformation mechanism of BaSi; is proposed,
which describes the complex reactions and elemental diffusion within the BaSi, film at
high-temperature conditions.

Chapter 5 explores the effects of vacuum annealing condition on sputtered BaSi; film
properties. The vacuum annealing method enables the BaSi, crystallization at 600 °C,
and decreases the thickness of the surface oxide layer from ~200 nm (in N, atmosphere)
to ~100 nm.

In Chapter 6, a face-to-face annealing (FTFA) approach is applied for the post-growth
treatment of sputtered BaSi, films, which improves surface composition homogeneity
and crystal quality of sputtered BaSi,. By employing various covers for FTFA including
BaSiy, silicon, and glass, a transition of conductivity type from - to p-type is observed.
Thermal resistance analysis is carried out to understand the mechanism of the FTFA
method and its impacts on the film crystallization process and properties.

Chapter 7 investigates the interface properties of Si/BaSi, /Si hetero-structures serv-
ing as the fundamental for the development of BaSi,/Si heterojunction solar cells. The
effects of Si layer thickness on the composition and structure of Si/BaSi»/Si under high-
temperature conditions are analyzed. A thick Si layer (ds; > 20 nm) can effectively sup-
press the surface oxidation and elemental diffusion during the high-temperature anneal-
ing. The process of structure and composition variations of Si/BaSi,/Si samples consist
of the oxidation of deposited Si layer, growth of the oxide layer, Ba diffusion and deple-
tion, as well as Si isolation and crystallization. These interfacial phenomena lead to the

ix



X Summary

complex structure and composition of Si/BaSi,/Si heterostructures.

Conclusions of this thesis and outlook for the future development of the material and
devices are listed in Chapter 8. Recommendations are given for high-quality BaSi, film
fabrications and solar cell development.

This thesis provides insights into BaSi, films from perspectives of thin-film deposi-
tions via sputtering and property characterizations. These results and knowledge shed
light on fabrications of BaSi, films for the goal of efficient BaSi,-based solar cells.



Samenvatting

nergie en materialen zijn gedurende de afgelopen eeuwen van groot belang beschouwd
E voor het ontwikkelen van de samenleving. In het belang van duurzaamheid wordt er
met toenemende aandacht gekeken naar materialen die ruim beschikbaar en ecologisch
verantwoord zijn. Van deze materialen bezit bariumdisilicide (BaSiy) veelbelovende op-
tische en elektrische eigenschappen, wat het een kandidaat voor goedkope en efficiénte
dunne-laag zonnecellen maakt. Dit onderzoek presenteert een systematische analyse
van gesputterde BaSi,, reikend van dunne-film fabricatie tot de karakterisering van ma-
teriaaleigenschappen.

Hoofdstuk 1 geeft een algemene introductie van fotovoltaische zonne-energie. Hierin
worden de vooruitzichten en uitdagingen van dunne-film zonnecel technologie bespro-
ken.

Hoofdstuk 2 is een literatuuroverzicht van BaSi, waarin materiaalstructuur, optische
en elektrische eigenschappen, dunne-film fabricatie en recente vorderingen in op BaSi,
gebaseerde zonnecelontwikkeling worden besproken.

Hoofdstuk 3 presenteert de experimentele methoden gebuikt in dit onderzoek, waar-
onder depositietechnieken en materiaalkarakteriseringsmethoden.

Hoofdstuk 4 vertoont de fabricatie van polykristallijne BaSi, films door middel van
sputteren en daaropvolgend hoge-temperatuur warmtebehandeling in een N, atmos-
feer. De gelijkmatigheid van de filmdikte wordt bepaald door de bron-tot-substraat af-
stand. De oppervlakteoxidatie gedurende hoge-temperatuur warmtebehandeling resul-
teertin de inhomogene structuur van gesputterde BaSi; films. Een oxidatie-geinduceerde
structureel transformatiemechanisme voor BaSi, wordt voorgesteld, die een beschrij-
ving geeft voor de complexe reacties en elementaire diffusies in de BaSi, films onder
hoge-temperatuur condities.

Hoofdstuk 5 verkent de effecten van vacuiim-warmtebehandeling omstandigheden
op gesputterde BaSi, film eigenschappen. De vacuiim-warmtebehandeling methode
maakt kristallisatie van BaSi, bij 600 °C mogelijk en reduceert de dikte van de oxide-laag
van ~200 nm (in N, atmosfeer) naar ~100 nm.

In hoofdstuk 6 wordt een laag-tot-laag warmtebehandeling (face-to-face annealing,
FTFA) toegepast als nabehandeling van gesputterde BaSi, films, wat de oppervlaktecom-
positiehomogeniteit en kristalkwaliteit van gesputterde BaSi, verbeterd. Door verschil-
lende bedekkingen voor FTFA te gebruiken, waaronder BaSiy, silicium en glas, wordt een
overgang in geleidingstype van n- naar p-type waargenomen. Thermische weerstands-
analyse wordt toegepast om het mechanisme van de FTFA-methode en diens invloed op
het kristallisatieproces en de eigenschappen van films te begrijpen.

Hoofdstuk 7 onderzoekt de grensvlakeigenschappen van Si/BaSi, /Si hetero-structuren
ter grondlegging van het ontwikkelen van BaSi»/Si heterojunctie zonnecellen. Het ef-
fect van de Si laagdikte op de samenstelling en structuur van Si/BaSi,/Si onder hoge-
temperatuurcondities wordt geanalyseerd. Een dikke Si laag (dg; > 20 nm) kan effectief

Xi



xii Samenvatting

de oppervlakteoxidatie en elementaire diffusie gedurende hoge-temperatuur warmtebe-
handeling onderdrukken. Het proces van structuur- en compositievariatie van Si/BaSi, /Si
proefstukken bestaat uit de oxidatie van de gedepositioneerde Si laag, de groei van de
oxide-laag, Ba diffusie en uitputting en Si isolatie en kristallisatie. Deze grensvlakver-
schijnselen lijden tot de complexe structuur en compositie van Si/BaSi,/Si heterojunc-
ties.

De conclusies van deze scriptie en de vooruitzichten voor toekomstige ontwikkelin-
gen van het materiaal en de apparaten worden opgesomd in Hoofdstuk 8. Aanbevelin-
gen worden gegeven voor hoge-kwaliteit BaSi, film fabricatie en de ontwikkeling van
zonnecellen.

Deze scriptie biedt inzicht in BaSi, films vanuit het perspectief van dunne-film de-
positie door middel van sputteren en eigenschap karakterisering. Deze resultaten en
kennis werpen licht op de fabricatie van BaSi, films met als doel efficiénte zonnecellen
gebaseerd op BaSi,.
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Introduction



2 1. Introduction

1.1. Energy and photovoltaics
eeting the rising demand of energy has been a pressing challenge facing humanity.
Owing to global warming caused by the burning of fossil fuels, and geopolitical
tensions over oil resources and nuclear energy, we are striving to accomplish a transition
from traditional energy sources towards renewable energy sources, such as hydro, wind,
and solar energy. Photovoltaics (PV), the direct conversion of light into electricity, is
increasingly important in this transition.

1.1.1. Energy and sustainability

The rapid economic growth has radically transformed the primary energy mix over the
last few centuries, as shown in Figure 1.1. Before the industrial revolution, the main
source of energy was wood and other traditional biomass. From the latter half of the 19
century, fossil fuels such as coal, oil, gas became the major primary sources of energy.
The energy consumption kept increasing rapidly during the last century. Nowadays, the
main source of energy even in highly developed countries is still fossil fuels. This energy
infrastructure that heavily depends on fossil fuels has aroused concerns of sustainability
and environment.

Renewable
Nuclear
140,000 TWh
120000TWH B Gas
100,000 TWh e
Oil
go,000TWh A
60,000 TWh
40,000 TWh
Coal

20,000 TWh

Traditional biomass
1800 1850 1900 1950 2000 2019

Figure 1.1: Global direct primary energy consumption. Renewable refers to renewable energy sources includ-
ing hydro, wind, solar energy, geothermal, biomass, etc. Reproduced from Ref. [1].

Resources of fossil fuel are limited, and its production and consumption irreversibly
affect the environmental conditions with the threat of catastrophic climate change on
Earth. One major environmental impact of fossil fuels is the emission of green-house
gases such as CO,. The large growth in global CO, emissions caused by the burning
of fossil fuel has had a significant impact on the concentrations of CO, in Earth’s atmo-
sphere. Since the Industrial Revolution, global CO, concentrations have been increasing
rapidly. In the long term, we see that today’s concentrations are the highest they have
been for at least 800,000 years. CO, concentration did not exceed 300 ppm throughout
the cycles of ice ages and warmer interglacials, yet today it is well over 400 ppm and
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continues to rise [2]. The accumulation of CO; in the atmosphere leads to global tem-
perature rise or global warming. The consequences of global warming include changes
in rainfall patterns, extreme storms, heat-wave intensification, and rising sea levels.

These facts and concerns aroused the interest in renewable energy sources, such as
hydro, wind, and solar energy. In contrast to fossil fuels, these renewable energy car-
riers can be replenished by natural processes at a rate comparable or faster than the
consumption rates. Additionally, they can be converted to electricity without giving rise
to carbon dioxide and other greenhouse gas emissions. Renewable energy sources are
starting to be used as the panacea for solving climate change or global warming prob-
lems. Figure 1.2 shows the rapid increase of electricity production contributed by renew-
able energy sources. In 2019, around 11% of global primary energy came from renewable
energy sources.

7,000 TWh Other
renewable
6,000 TWh
5,000 TWh
4,000 TWh
3,000 TWh

2,000 TWh

1,000 TWh___

0 TWh

1970 1980 1990 2000 2010 2019

Figure 1.2: Electricity production from renewable energy sources. "Other renewables" refers to renewable
energy sources including geothermal, biomass, waste, wave, and tidal. Adapted from Ref. [3].

Among these renewable energy sources, solar energy shows its inherent advantages
that it is clean, quiet, and inexhaustible. The power of solar radiation on the Earth’s
surface exceeds the world’s energy consumption by more than 1000 times. Figure 1.3
shows the share of primary energy that comes from solar energy across the world. In
2019, around 1% of global energy consumption was made up by solar energy, and 2% of
global electricity was produced from solar energy.

Solar energy can be utilized by the direct conversion into electricity (photovoltaics),
the conversion into heat (solar thermal energy), and the conversion into chemical energy
(solar fuels). Currently, photovoltaics is the major path for harvesting solar energy and is
increasingly important in the inevitable transition from our current level of dependence
on fossil fuels.
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No data 0% 0.1% 0.2% 0.4% 0.6% 0.8% 1% >1.2%
[ ] I I I —— ]

Figure 1.3: Share of primary energy from solar energy of 2019. Adapted from Ref. [3].

1.1.2. Photovoltaics

Photovoltaics is the direct conversion of solar energy into electricity, which process is
facilitated by the device called solar cell. The working principle of solar cells is based on
the photovoltaic effect, the generation of a potential difference at the junction of two dif-
ferent materials in response to electromagnetic radiation. Figure 1.4 illustrates a typical
solar cell structure with external load. The generation of the potential difference consists
of the following steps:

1. generation of charge carriers due to the absorption oflight in the absorber material
of the solar cell;

2. separation of the light-generated charge carriers;

3. collection of the light-generated charge carriers.

A typical current-voltage (I-V) characteristic of a solar cell is presented in Figure 1.5,
which is used to characterize the solar cell performance. When in the dark, the solar
cell performs as a p-n diode. When the device is under the illumination, following key
parameters of a solar cell can be defined from the I-V curve:

¢ Short-circuit current (Isc), which is measured when the output terminal is shorted
(V =0). Isc represents the maximum current provided by the solar cell at a certain
illumination level.

¢ Open-circuit voltage (Vpc), which is measured when the output terminal is opened
(I =0). Voc represents the maximum voltage of solar cell at a certain illumination
level.



1.1. Energy and photovoltaics 5

sunlight
1 Depletion |
p+ 1 Region |
° o1 1 Electron flow
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Figure 1.4: Tllustration of a solar cell device structure in the form of p-n diode with external load. Reproduced
from Ref. [4].

TA

ISC

Figure 1.5: I-V characteristic of the solar cell in the dark and under illumination.

e Fill factor (FF), which represents the ratio between the maximum power (Pyp =
Vmp Imp, indicated in Figure 1.5) and the product Isc times Voc:

_ VmpImp

FF = .
Voclsc

(1.1)
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* Conversion efficiency (1), which is defined as the ratio of the electrical energy
output to the total incoming sun-light energy striking the surface of the cell (Pi,):

n= Vmp Ivp _ VocIsc

FF. (1.2)
Pin Pin

Since the discovery of the photovoltaic effect in 1839, and the first modern solar cell
in 1954, consistent efforts have been made to achieve high-efficient solar cells, rang-
ing from the fundamental research on emerging materials and technologies, to the opti-
mizations and improvements on commercial solar cells.

1.2. Thin-film solar cells

Currently, the major solar cell types are wafer-based silicon solar cells (c-Si) and thin-
film solar cells, e.g., solar cells based on amorphous (a-Si) and micro-crystalline (uc-
Si) silicon, cadmium telluride (CdTe), and copper indium gallium selenide (CIGS). Solar
cells based on III-V semiconductors, e.g., GaAs and InGaP, though normally in form of
thin film, are considered as a separate family of solar cells, owing to their high cost and
applications in special areas.

Thin-film solar cells are significantly thinner than wafer-based solar cells. The typical
thickness of thin-film solar cells ranges from a few hundred nanometers to several mi-
crometers. Carriers are required for thin-film solar cells to ensure their mechanical sta-
bility. These carriers can either be rigid (e.g., glass) or flexible (e.g., metal foils, polymer).
These features make thin-film solar cells a good candidate for low-cost and lightweight
applications, including high-value markets in aerospace, person-portable and vehicle-
integrated products, and building-integrated PV (BIPV) [5].

Despite the promise and potential that thin-film solar cells hold, some drawbacks
and disadvantages hinder their market expansions. In 2019, only 5% market is made up
by the thin-film solar cells, while c-Si solar cells accounted for about 95% of the global
market share. The main concerns of thin-film solar cells stem from their conversion
efficiency, manufacturing cost, raw materials, and environmental impacts.

Table 1.1 summarises the conversion efficiency records of some thin-film solar cells.
Thin-film silicon (a-Si and pc-Si) solar cells presents a significant disadvantage in the
conversion efficiency with respect to wafer-based c-Si solar cells which holds a con-
version efficiency record of 26.7% [6]. CIGS and CdTe thin-film solar cells show higher
energy conversion efficiencies as compared to thin-film silicon solar cells. This allows
them occupy the main thin-film solar market. However, their module efficiencies are
still lower than that of c-Si module. The record module efficiencies of CIGS and CdTe
are 19.2% and 19.0%, respectively, while the record of c-Si module is 24.4% [6]. The full
potential of CIGS and CdTe is still untapped, and continues efforts are being made to
improve their cell and module performances.

CIGS and CdTe technologies also face other challenges. As CIGS is deposited in a
complex process, it is challenging to perform large-scale deposition with a high pro-
duction yield, and the manufacturing cost of CIGS is less competitive compared to c-Si
solar cells. Besides, the utilization of and scarce and/or toxic elements is another con-
cern that should be addressed. Figure 1.6 shows the abundance in the Earth’s crust of
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Table 1.1: Summary of thin-film solar cell performance records

n Voc Isc FF
Type (%] V] mA/cm?] (%] Reference
a-Si 10.2 0.896 16.36 69.8 [7]
pe-Si 119 0.550 29.72 75.0 [8]
CIGS 23.35 0.734  39.58 80.4 [9]
CdTe 22.1 0.8872 31.69 78.5 [10]
Emerging photovoltaics
Perovskite 25.2 1.1805 25.14 84.8 [11]
Dye sensitised 12.5 1.025  15.76 774 [12]
Organic 17.35 0.862  25.83 78.0 [13]

several elements. Rare or scarce elements, such as Te, Cd, In, Ga, as shown in Figure
1.6, are used in CdTe or CIGS. Moreover, both CdTe (larger amounts) and CIGS (smaller
amounts) use Cd, which is classified as one of the most toxic substances. Disposal of
the Cd-containing products causes adverse effects on the environment, and produces
toxic effects on humans. These issues or concerns related to manufacturing, raw mate-
rials, and environmental impacts need to be solved or addressed for the development of
thin-film solar cells.

N
o
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&
—

(o] - -
g L Rock-forming ]
S 108 L Si elements ]
@© NAI
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© r  Major industrial 7]
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Figure 1.6: Abundance (atom fraction) of the chemical elements in Earth’s upper continental crust as a function
of atomic number, adapted from Ref. [14].

Besides these commercialized thin-film solar cell technologies, "emerging photo-
voltaics" such as perovskites, dye-sensitized, and organic solar cells, have show great po-
tential for high-efficiency thin-film solar cells, as shown in Table 1.1. Among them, per-
ovskite solar cells have achieved remarkable progress with conversion efficiency, from
3.8% in 2009 to 25.2% in 2019 [6]. One of major challenges of perovskites is their poor sta-
bility, resulting in the significant degradation of solar cell performance. These emerging
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photovoltaics are still in the stage of research and have limited commercial availability.

1.3. Aim and Outline

Among a broad range of novel photovoltaic materials, barium disilicide (BaSi,) has re-
cently gained an increasing interest as a promising light-absorbing material toward high-
performance thin-film solar cells [15, 16]. Composed by Si and Ba, BaSi, shows its inher-
ent advantages of adequate elemental availability (Si and Ba are the 2"¢ and 14" most
abundant element in the Earth’s crust, respectively, as shown in Figure 1.6) and nontox-
icity. Besides, BaSiy presents good opto-electronic properties for photovoltaic applica-
tions. BaSi, possesses a band gap Eg = ~1.3 eV, and a high absorption coefficient (a) over
10* cm™! at the photon energy of 1.5 eV.[17]. It presents a large minority-carrier lifetime
7 = 14 ps [18], and a long minority-carrier diffusion length L = 60 um [19].

These features allow BaSi, a promise candidate for the realization of low-cost and
high-efficiency thin-film solar cells [18, 20, 21]. Based on computational results, the
energy conversion efficiency 1 of an n-p BaSi, homojunction solar cell reaches 22.5%,
while BaSi,/Si and n-Si/BaSi,/ p-Si heterojunction solar cells possess potential  up to
22.7% and 30.4%, respectively [15, 22, 23].

To enable the transition of BaSi, from a promising material to an efficient thin-film
solar cell, there are still many scientific issues and technical challenges that need to be
addressed and solved. An industrially applicable BaSi, thin-film synthesis method and a
comprehensive materials characterizations on fabricated films come to the forefront in
the development of BaSi, thin films for photovoltaics.

1.3.1. Aim and scopes
This thesis aims to present fabrications of BaSi, thin films by the industrially applicable
and low-cost sputtering deposition technique and a comprehensive characterization of
sputtered BaSi, thin films. These pieces of knowledge about sputtered BaSi, can serve
as the basis for the development of high-quality BaSi, films and their further application
in thin-film solar cells.

Accordingly, this thesis stems from the following aspects:

1. Depositions of BaSi, films by sputtering. Fabricate BaSi, films through sputter-
ing, and investigate the effects of deposition conditions on film growth rate and
thickness uniformity.

2. Post-growth annealing treatments. Facilitate the BaSi, film crystallization by post-
growth annealing treatments. Determine the suitable annealing temperature and
duration for BaSiy crystallization. Characterize the structure and composition of
annealed BaSi, films and their effects on film optical and electrical properties.

3. Methods to suppress surface oxidation of BaSi, films. Develop and employ meth-
ods to suppress the surface oxidation of BaSi, films caused by the exposure to
ambient atmosphere and the high-temperature annealing treatment. Investigate
their effects on film composition, structure, and properties.
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4. Interface investigations on BaSi,/Si heterostructures. Fabricate BaSi,/Si heterostruc-
tures, and investigate their structure and composition variations during high-temperature
annealing treatments. Understand the mechanism of structure and composition
variations at BaSi, /Si interfaces.

1.3.2. Thesis outline
Accordingly, this thesis is outlined in the following way:

e Chapter 1. Introduction. This chapter gives a general introduction of photo-
voltaics and thin-film solar cells. The prospects and challenges of thin-film solar
cells are discussed.

e Chapter 2. Barium Disilicide. A comprehensive review of recent studies on BaSi,
is given, including its crystal and electronic structures, opto-electronic proper-
ties, thin-film deposition methods, and recent advancements in BaSi,-based solar
cells.

e Chapter 3. Experimental. A brief introduction of material deposition methods
and characterization techniques applied in this work is provided.

e Chapter 4. Sputtered BaSi, Films. BaSi, films are deposited by sputtering. Post-
growth annealing in N, atmosphere is applied for crystallization. Phenomena
of surface oxidation and elemental inter-diffusion in sputtered BaSi, are investi-
gated. A mechanism of oxidation-induced structure transformation is introduced
based on the material characterization results.

e Chapter 5. Vacuum-Annealed BaSi;, Films. The vacuum condition is applied for
annealing of sputtered BaSi,, which can suppress the elemental inter-diffusion
in sputtered BaSi, at the high-temperature condition. The optical and electrical
properties of films are analyzed.

e Chapter 6. Face-to-Face Annealing Method. A face-to-face annealing method
(FTFA), in which two BaSi, films on the glass substrate are placed together, the
film surface to the film surface, is employed to avoid surface oxidation of sputtered
BaSi, films during the high-temperature annealing. The surface composition ho-
mogeneity of the sample is investigated by the Raman spectral mapping method.
Properties of FTFA annealed samples are measured to understand the effects of
the FTFA method. Besides, the heat transfer during the FTFA is studied based on
the thermal resistance analysis to investigate the mechanism of the FTFA method.

e Chapter 7. Investigations on Si/BaSi,/Si Structures. Si/BaSi,/Si heterostructures
are fabricated by sputtering a BaSi, target and an intrinsic Si target in the same
deposition chamber. The surface oxidation of BaSi, due to the exposure to ambi-
ent atmosphere is avoided with the subsequently deposited Si layer on the BaSi,
surface. The influence of Si layer thickness on the composition, structure, and
properties of Si/BaSi,/Si heterostructures are systematically investigated and an-
alyzed.
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¢ Chapter 8. Conclusion. The chapter summaries the key results of this thesis and
gives an outlook for the research on BaSi, from aspects of material and device de-
velopment.

1.4. Contribution to the Field

This work contributes to the development of sputtered BaSi, films from the following
aspects:

1. Fabrications of sputtered BaSi, films. This work provides an alternative low-cost
route to manufacture BaSi, films, consisting of the room-temperature sputtering
deposition and the post-growth annealing. The industrially applicable magnetron
sputtering technique is employed to deposit BaSi; films at room temperature. Ef-
fects of deposition conditions on film growth rate and thickness uniformity are
investigated. Post-growth annealing at N, atmosphere is applied for the film crys-
tallization. The annealing temperature and duration are optimized for a good crys-
talline quality of sputtered BaSi, films. Various methods are used to suppress the
surface oxidation of BaSiy at high-temperature conditions, including vacuum an-
nealing, the face-to-face annealing method, and the Si anti-oxidation layer. The
mechanisms and effects of these methods are discussed. This research provides
fundamental knowledge for the further material quality improvement of sputtered
BaSi, films.

2. Characterizations of sputtered BaSi, films. In this work, various characteriza-
tion methods are employed to investigate the material structure, composition, and
properties. Auger electron spectroscopy provides elemental composition depth
profiles of BaSi», while Raman spectral mapping yields images of composition,
structure, and crystallinity of the BaSiy surfaces. Besides, techniques such as X-ray
diffraction, transmission electron microscopy, are employed to analyze the struc-
ture, composition, and phase of sputtered BaSi, films. These techniques allow sys-
tematical and comprehensive investigations on BaSi, for a deeper understanding
of its behaviors at high-temperature conditions, such as elemental inter-diffusion
and surface oxidation.

3. Mechanisms of structure and composition variations at high-temperature con-
ditions. An oxidation-induced structure transformation mechanism is proposed
based on the structure and composition investigations on sputtered BaSi, films,
which demonstrates the elemental diffusion caused by surface oxidation during
the high-temperature annealing. Together with the silicide-mediated Si crystal-
lization mechanism, it explains structure and composition variations in Si/BaSi, /Si
heterostructures. These proposed mechanisms provide essential knowledge for
the further material quality improvement and solar cell design of sputtered BaSi,.

4. Development of BaSi,-based solar cells. The knowledge and results in this thesis
provide the basis for the realization of efficient BaSi,-based thin-film solar cells.
Investigations of interfacial reactions at BaSi»/SiO, and BaSi,/Si interfaces, sur-
face oxidation due to the exposure to the ambient atmosphere and caused by the
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high-temperature conditions, and electrical and optical properties of sputtered
BaSi, films studied in this thesis provides the essential knowledge and informa-
tion for designing and manufacturing BaSi, thin-film solar cells.
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2.1. Introduction

T he potential of BaSi, for photovoltaic applications stems from its excellent optical
and electronic properties, and essentially elemental abundance and non-toxicity.

These features allow its application in low-cost, high-efficiency, and environmentally

friendly solar cells. In this chapter, structures and properties of BaSi, are discussed. Re-

cent advancement in material depositions and solar cell development are reviewed.

2.2. Crystal structures

The semiconducting BaSi, presents an orthorhombic crystal structure with a space group
of Déﬁ —Pnma, which is stable at atmospheric pressure and temperature [1-3]. The crys-
tal structure of BaSi, is shown in Figure 2.1. Table 2.1 lists the lattice constants (a, b, c)
from experimental and computational results. As shown in Figure 2.1a, 8 Ba atoms oc-
cupy two inequivalent 4c¢ Wyckoff sites, i.e., Bal and Ba2, and 16 Si atoms occupy three
inequivalent positions at 4c and 8d Wyckoff sites, namely Sil, Si2, and Si3. Each Si atom
is covalently bonded with three neighboring Si atoms forming a silicon tetrahedron clus-
ter ([Sis]*~, ST), as illustrated in Figure 2.1b. In a ST, there are three inequivalent Si posi-
tions. Accordingly, Bal and Baz2 sites show different local environment, i.e., the coordi-
nation polyhedra (CP) at the Bal site (CP1) is a 12-face polyhedron with 9 vertices, while
that at the Ba2 site (CP2) is a 14-face polyhedron with 11 vertices, as shown in Figure 2.1c
and 2.1d, respectively.

@ CP2

Figure 2.1: (a) Crystal structure of orthorhombic BaSip. (b) The [Si4]4’ tetrahedron (ST). (¢) Coordination
polyhedron at the Bal site, CP1. (d) Coordination polyhedron at the Ba2 site, CP2. Adapted from Ref. [4]

As the crystal structure characteristic of BaSiy, the silicon tetrahedron provides a
spectroscopy signature of crystalline BaSiy, e.g., by Raman spectroscopy. The [Sig]*~ an-
ion in BaSi, exhibits T, point group symmetry. The vibrational modes of the cluster
anion and their Raman (R) or infrared (IR) activities are given by

I'(Th) = Ag(R) + 2Eg(R) + 3Fg(R) + 3Fy(R), 2.1)

where Ag, Eg, and Fg are Raman reactive, while the F, is IR active. A; mode corresponds
to a symmetric breathing vibration of the tetrahedral cluster, Eg, and Fy is a 2- and 3-fold
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Table 2.1: Lattice parameters (a, b, ¢) of orthorhombic BaSiy.

&] ﬁf\] [CA] Method Ref.
First-principle calculation results
8.918 6.680 11.451 GGA? [5]
8.790/9.077 6.627/6.786 11.336/11.644 LDA?/GGA [6]
9.224 6.827 11.716 GGA [7]
8.930 6.752 11.530 HSE06° [8]
Experimental data
8.942 6.733 11.555 9]
8.92 6.75 11.57 [3]
8.92 6.80 11.58 [1]

@ Generalized gradient approximation [10]; b Local density approximation [11]; ¢ Heyd-Scuseria-Ernzerhof
screened hybrid functional method [12].

degenerate symmetric deformation. These modes give rise to the peaks in the Raman
spectra of BaSi,, as shown in Table 2.2.

Table 2.2: Raman peak positions originated from [Siz]*~ in BaSiy.

Raman peak position [cm™T] Ref.
Mode Ag Eg Fy
BaSi,/Si(001)4 488 295 363 280 358 379 [13]
BaSi,/Si(111)¢ 488 295 364 280 358 379 [13]
BaSi, powder 486 293 - 276 355 376 [14]
Calculation? 486 296 363 282 - 381 [15]

% BaSiy thin films deposited by molecular-beam epitaxy; b phonon density of states (DOS).

2.3. Electronic structures

Figure 2.2 presents the electronic band structure of BaSi; calculated from density-functional
theory DFT HSEO06 [16]. It shows that BaSi, is an indirect band gap semiconductor, of
which the valence band maximum (VBM) and conduction band minimum (CBM) are
located at different k-points. The calculated fundamental band gap is Eg = 1.25 eV, and
the smallest direct band gap is 1.37 eV. These values are in good agreement to experi-
mental results Eg = 1.13 - 1.3 eV [2, 17, 18]. The relatively flat dispersion of the lowest
conduction band in Figure 2.2 increases the difficulty in accurate experimental estima-
tion of Eg [16].

The atomically resolved and orbital projected density of states (DOS) is shown in Fig-
ure 2.3. The valence band of BaSi, is dominated by Si- p states, which are derived mainly
from the silicon tetrahedron, while the conduction band mainly consists of localized Ba-
d states [16]. In agreement with the band structure, the top of the valence band and the
bottom of the conduction band exhibit relatively small energy dispersion in the DOS.
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Figure 2.3: Atomically resolved and orbital projected DOS of BaSiz. Adapted from Ref. [16].

Molecular orbital (MO) diagram of BaSi, is shown in Figure 2.4. The MO diagram
is constructed based on the MO diagram of [Sis]*~ and the atomic orbital diagram for
Ba’*. The valence bands consist of electronic states derived from the 1e, 2f,, and 2a;
orbitals of [Si4]*~, while the conduction bands originate from the 3%, and 1t; orbitals of
[Si4]*~, and the 6s and 5d orbitals of Ba>*. The MO diagram suggests an explanation
for the flat conduction and valence band as well as the sharp slope at the band edges of
BaSi,. Since [Sis]*” is a type of molecule, its electronic states are localized, resulting in
flat bands, while the Ba 5d contributing to the conduction band in general are localized.

2.4. High light absorption

One of the superior performance aspects of BaSi; is its high optical absorption, which
is crucial for realizing economic and efficient solar cells with extremely thin absorber
layer. Figure 2.5 shows the calculated absorption coefficient (a) of BaSi;. Despite of
the indirect band gap that BaSi, holds, the high absorption coefficient of BaSi, is evi-
dent. The calculated absorption coefficient at photon energy hv = 1.5 eV is fairly large,
@ = 2.6 x 10* cm™!, which is in good agreement to the experimentally obtained result
@ =3 x10* cm™! [20]. The high optical absorption coefficient of BaSi, stems from the
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Figure 2.4: Molecular orbital diagram for BaSiz. Adapted from Ref. [19].

large slope at the band edges in its DOS structure, as shown in Figure 2.3. Besides, va-
lence and conduction bands are relatively flat with several local minima and maxima,
resulted from its electronic states as discussed in Section 2.3. This leads to a small differ-
ence between its fundamental indirect band gap (Eg, indirect = 1.25 €V) and its direct band
gap (B, direct = 1.37 €V) [16]. All these structure features contribute to the high optical
absorption of BaSi,.
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Figure 2.5: Calculated absorption coefficient () of BaSip, reproduced from Ref. [16].

The complex dielectric function represents the optical characteristics of a semicon-
ductor and is given by

eE=¢€1+iey, (2.2)

where €1 and €, are the real part and the imaginary part, respectively, i is imaginary unit.
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The calculated dielectric functions of BaSi, are presented in Figure 2.6.
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Figure 2.6: Dielectric function of BaSiy, (a) real part €1, (b) imaginary part 2. Reproduced from Ref. [8].
The complex refractive index (7i) is given as the square root of €,

fi=vVe=n+ix, (2.3)

Here, n denotes the real part of refractive index, and x denotes the imaginary part of the
refractive index or extinction coefficient, which exhibits the relationship with absorption
coefficient (a),

_ Anx

a = /1,_0,
where A is the wavelength in vacuo. Figure 2.7 shows the measured refractive index n
and extinction coefficient x of 150-nm thick epitaxial BaSi, layer on Si(111).

(2.4)
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Figure 2.7: Wavelength dependence of refractive index n and extinction coefficient x of BaSiz.Reproduced from
Ref. [21].

2.5. Intrinsic defects and extrinsic doping
The dopability of semiconductor materials plays a decisive role in device architecture
design and performance optimization. Dopability refers to the carrier concentration
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limits achievable in a semiconductor material. These limits are set by the compensat-
ing intrinsic (or native) defects and the solubility of extrinsic dopants. In this section,
the intrinsic defects and extrinsic doping of BaSi, are discussed.

2.5.1. Intrinsic defects

The realistic description of intrinsic defects is based on the defect formation energies as
well as their resulting concentrations. The formation energy of intrinsic defect can be
given by

AHD:Q = (EDJ] —En) + Z nip; + qEf + Ecorr, (2.5)
i

where AHp 4 denotes the formation energy of defect D in charge state g (for a neutrl de-
fect, g = 0; if one electron is removed, g = 1+; if one electron is added, g = 1—, etc), Ep 4
and Epy are the total energy of the supercells with and without defect, respectively, u; is
the chemical potentials of different atomic species describing exchange of particles with
the respective reservoirs, Er is the Fermi energy, Eco is the Makov-Payne correction
term (essentially the Madelung energy of a lattice of point charges in a dielectric envi-
ronment) [22, 23]. The concentration of a defect D with charge state g can be obtained
by
—AH,

Cpg = Nexp(T;'q
where N is the concentration of the corresponding lattice sites, and kg is the Boltzmann
constant. Accordingly, the charge neutrality condition is given as

) (2.6)

Y qCpg-n+p=0, @2.7)
D

where n and p are the electron and hole concentrations, respectively.

In a defect formation energy v.s. Fermi energy diagram, the slope of the line indicates
the charge state g, and a kink of the line indicates the thermodynamic transition level
€(q1/q2), which is defined as the Fermi-level position for which the formation energies
of charge states g; and ¢»:

£ 1) = AHp,q (Eg =0) -~ AHp, 4, (Er = 0) ’ 2.8
q2—q1

AHp 4(Er = 0) is the formation energy of the defect D in the charge state g when the
Fermi level is at the VBM (Er = 0). For Fermi-level positions below £(q;/ g»), charge state
q1 is stable, while for Fermi-level positions above £(q;/g»), charge state g, is stable [24].
Figure 2.8 shows the calculated formation energies for the predominant charge states

of these native defects under Si-rich (Ba-poor) and Si-poor (Ba-rich) conditions. In gen-
eral, there majorly are six types of intrinsic defects in BaSi,, namely silicon vacancies
(Vsi), barium vacancies (Vg,), silicon substituted for barium antisites (Sig,), barium sub-
stituted for silicon antisites (Bas;), silicon interstitials (Sij), and barium interstitials (Baj).
Sip, defect shows the highest formation energy, and present the neutral charge state

in a large range of Fermi energy, indicating its lower concentration and less contribution
to the free carrier generation in the BaSi,. Defects such as Ba; and Vg, are less stable
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Figure 2.8: Calculated formation energies as a function of the Fermi energy of the intrinsic point defects in
BaSi, under (a) Si-rich and (b) Si-poor conditions. The vertical dashed lines mark the estimated equilibrium
Fermi level at T' = 600 °C. Reproduced from Ref. [25].

as compared to Sij, Bagj, and Vg;, suggesting by their higher formation energy. Among
these more stable defects, Sij, Bag; become charge neutral in a wide range of Fermi ener-
gies at the middle of the band gap and are thus not capable of generating carriers. The
lower formation energy of Bag; can be observed under the Si-poor condition, which is
understandable given the higher content of Ba.

The silicon vacancy Vg;, exhibiting the lowest formation energy in a wide range of
Fermi energy, is of great significance in BaSi, properties. Even in the Si-rich condi-
tion, Vg; still shows the lowest formation energy, which can be explained by the self-
compensation of dangling bonds among the three silicon atoms left in the [Sis]*~ tetra-
hedron so that less energy is consumed for removing a silicon atom. Both positive (q =
2+ and 1+) and negative (q = 1-) charge state can be observed with Vg; defects. This
indicates they can act as both donor- and acceptor-like defects within the BaSi,. Ac-
cording to the calculation results from Equation 2.7, the undoped BaSi, holds electron
concentration n = 101 - 107 cm~3, which is in good agreement of experimental results
n=~5x10P-2x1018 cm™3 [18, 26, 27]. Research has shown that the chemical poten-
tial allowed for stable growth condition of BaSi, is narrowly ranged, indicating synthesis
condition must be well optimized for realizing the stoichiometric phase of BaSi, [25].
This also suggests that the conductivity type may be altered by varying growth condi-
tions. Indeed, the transition between n-type and p-type conductivity with a hole con-
centration p = 1x10'® cm~3 has been reported, in which the deposition rate between Ba
and Si were adjusted [28].

Besides, experimental techniques have also been employed in the study of intrinsic
(native) defects of BaSi,, such as deep-level transient spectroscopy (DLTS) [27, 29, 30],
Raman spectroscopy [31], photoluminescence (PL) [32-34], electron paramagnetic res-
onance (EPR) [35], and positron annihilation spectroscopy (PAS) [36, 37]. Several trap
levels were detected by within the undoped epitaxial BaSi, films by DLTS, i.e., a hole trap
level (H1) of 0.27 eV from the VBM with a density around 1013 cm~3, electron trap level
El and E2 located around 0.1 eV and 0.2 eV below the CBM, respectively, which show
concentrations approximately 10'° cm™3 [27, 29]. The hole trap level H1 is supposed to
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be caused by Vg; defects [29]. The existence of defects such as Bag;, Vs;, and Si; can be
assigned to the origins of some specific PL peaks, and the main Raman peak at around
490 cm~! shifts to a lower wavenumber [31, 32]. Besides, defects are also detected by
advanced technology such as EPR and PAS [35-37].

2.5.2. Extrinsic doping

Theoretical calculation has revealed the possibility to achieve both n- and p-type BaSi,
with the electron concentration 7 up to 10'® cm~2, and the hole concentration p up to
10'8 cm~3 through external doping [25, 38]:

e p-type conductivity:

i. substitute Si with a trivalent element, such as B, Al, Ga, or In;

ii. substitute Ba with a monovalent element, such as Li, Na, or K.
* n-type conductivity:

i. substitute tetravalent Si with a pentavalent element, such as N, B As, or Sb;

ii. substitute divalent Ba with a trivalent element, such as La or Y.

Experimental attempts of doped-BaSi, have been carried out. Table 2.3 lists the car-
rier types and concentrations of impurity-doped BaSi, films. Both n- and p-type BaSi,
can be achieved, with a large range of carrier concentration. These results pave the path
of the development of BaSi,-based solar cell development. It should be mentioned that
these experimental attempts are majorly based on molecular-beam epitaxial BaSi, films,
which is not suitable for large-scale and low-cost manufacturing. Efforts are still needed
to develop doped-BaSi, based on other industrially-applicable deposition techniques.

Table 2.3: Carrier type and concentration of impurity-doped BaSiy films

Carrier type Dopants Carrier Concentration [cm™]  Doping techniques Post-growth treatments  Ref.
B 3.4 x100 -6.5 x10™° in-situ co-evaporation® RTAP at 800 °C [39, 40]
In 1016 - 1017 in-situ co-evaporation [41, 42]
p-type Al 1016 -10'7 in-situ co-evaporation [42, 43]
Ag 3x10'6 in-situ co-evaporation [42]
As 4.3 x1018 evaporation GaAs [44]
As 6.0 x 1010 ion implantation annealing at 500 °C [45]
P 10'8 ion implantation annealing 500 to 700 °C  [46]
Li 3x10% LiF evaporation RTA at 500 °C [47)
n-type Na 3 x10'7 -4 x10'7 NaF evaporation RTA at 500 °C [47]
K 3 x10'7 -4 x10'7 KF evaporation RTA at 500 °C [47]
Cu 10'° - 10%° in-situ co-evaporation [42, 48, 49]
Sb 106 —102° in-situ co-evaporation [41, 42
Ga 1016 in-situ co-evaporation [42]

% Dopants evaporated with standard Knudsen cells; b Rapid thermal annealing.

2.5.3. Surface passivation

The surface represents rather severe defects in the crystal structure and is the site of
many allowed states within the forbidden energy gap of semiconductor materials includ-
ing BaSi,. These facts would lead to intensive surface recombination. To reduce surface
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recombination velocities of materials for high-efficiency solar cells, two approaches are
hitherto applied:

i. growth of a thin layer of a suitable material onto the semiconductor surface to
reduce surface-state density;

ii. creation of a strong built-in electric field (high-low junction) to repel the minority
carriers from recombination sites at the surface.

For BaSiy,, various surface passivation methods have been applied and studied:

¢ Native-oxide passivation. Owing to the high reactivity with oxygen and mois-
ture, the surface of BaSi, can be easily oxidized. An around 8-nm-thick native
oxide layer on BaSi, surface can be obtained after being exposed in the air [50].
In fact, the native oxide layer can function as a passivation layer that enhance the
Shockley-Read-Hall lifetime (zsgy) from 0.42 to 8.6 ps [51]. However, the native ox-
ide layer consequently results in a barrier height for minority carrier (hole) around
3.9 eV [50].

¢ AlO, passivation. The AlO, passivation layer was prepared by sputtering of Al
followed by air oxidation. The unpassivated evaporated BaSi, holds a minority-
carrier lifetime of 2.5 pus. With the AlO, passivation, the minority-carrier lifetime
increases to 6 ps. The annealing treatment can further increase the lifetime to a
higher value of 27 ps [52].

* Amorphous-Si (a-Si) passivation. The thin layer of a-Si was deposited on the sur-
face of BaSi, to prevent surface oxidation, which reduces the barrier height to -0.96
eV [53]. It was found that the a-Si layer also acts as the passivation layer, increasing
the minority-carrier lifetime up to approximately 10 ps [54]. And a-Si/p-BaSi, (20
nm)/n-Si heterojunction solar cells show efficiency up to 9.9 % [55]. Besides, hy-
drogenated amorphous Si (a-Si:H) was used for passivation, which was deposited
by evaporation with a simultaneous hydrogen plasma treatment [56].

¢ Atomic hydrogen passivation. Hydrogen passivation has been widely used in ma-
terials such as Si, diamond, and GaAs, to reduce their defects, which can also be
applied for BaSiy. After growth of the BaSi, film, a subsequently treatment with hy-
drogen plasma is carried out at a temperature of 580 °C [57, 58]. Hydrogen atoms
are considered to occupy Vg; and passivate point defects in BaSi,, resulting in a
minority-carrier lifetime of 14 ps [57]. By increasing the H-plasma treatment du-
ration, the trap concentration decreases, which is around 2.2 x 10'?> cm =2 with du-
ration of 15 min [57]. Doped BaSi, can be passivated by hydrogen plasma. e.g.,
B-doped BaSi, [58]. For a B-doped p-BaSi,/n-Si heterojunction solar cells, the
atomic H supply significantly decreased the reverse saturation current density and
improved the conversion efficiency from 2.59% to 6.20% [58].
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2.6. Material synthesis

In 1991, the first BaSi, thin film was fabricated by molecular-beam epitaxy (MBE) via the
surface reaction between barium metal and silicon substrates [59]. In turn of the cen-
tury, researchers realized the potential of BaSi, in photovoltaics, triggering a renewed
research interest in BaSi, [17]. Nowadays, thin-film BaSi, has been produced by tech-
niques including reactive deposition epitaxy (RDE) [60], molecular-beam epitaxy (MBE)
[18, 20, 28, 30, 61-69], thermal evaporation (TE) [70-73], sputtering [74-77], pulsed laser
deposition (PLD) [78], close-spaced evaporation (CSE) [79], solid-phase epitaxy (SPE)[80]
etc. Besides, the vertical Bridgman method was applied for growth of BaSi, bulk [81], and
the chemical-vapor deposition (CVD) achieved the BaSi, nanowire arrays (NWs) [82]. Ta-
ble 2.4 lists the fabrication conditions of these methods as well as properties of BaSi, that
they produced.

2.6.1. Molecular-beam epitaxy

Molecular beam epitaxy (MBE) denotes the epitaxial growth of a wide variety of materi-
als, ranging from oxides to semiconductors to metals, by a process involving the reaction
of one or more thermal process molecular beams incident upon a heated crystal that has
previously been processed to produce a nearly atomically clean surface in an ultra-high
vacuum (UHV) environment [83, 84]. The arriving constituent atoms form a crystalline
layer in registry with the substrate, namely an epitaxial film. The MBE technique al-
lows the production of a large range of unique structures, benefiting from its precise
control of composition during growth. Together with the cleanliness of the growth en-
vironment, MBE structures closely approximate the idealized models used in solid-state
theory. These features enable the prominent position of MBE in the development and
research of new materials, e.g., BaSi,.

Figure 2.9 shows the typical arrangement of an MBE set-up. Substrates are amounted
on a heater block enabling high-temperature condition during the film growth. Knudsen
cells are always used as evaporation sources, allowing the stabilization of a defined vapor
pressure inside the cell by precise temperature control of the heater. Effusion cells are
used for chemical compounds using plasma sources for source cracking. The reflection
high energy electron diffraction (RHEED) system is used for monitoring the growth of
epitaxial films, providing a diffraction pattern as the indicator of film crystallinity.

For the epitaxial growth of BaSi,, crystalline silicon is used as a substrate given the
higher lattice match between them. Prior to the epitaxial growth, a thin layer of crys-
talline BaSiptemplate is deposited by RDE. Epitaxial films are grown based on the tem-
plate. The two-step MBE deposition are shown in Figure 2.10, which includes [61]:

i. Template formation by RDE. Ba atoms are evaporated by Knudsen cells and ar-
rive at the heated silicon substrate. BaSi, template is produced by the reaction
between the Ba and silicon substrate. The substrate temperature of RDE for tem-
plate growth is around 500 °C.

ii. Epitaxial-film growth by MBE. Si and Ba atoms are co-evaporated during the epi-
taxial film growth on the BaSi, template. BaSi, can be grown over a wide tempera-
ture range from 450 — 700 °C [61]. By controlling the deposition-rate ratio between
Si and Ba (Rsi/ Rpa), the properties of deposited BaSi, can be tuned [28]. Moreover,
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Figure 2.9: Schematic drawing of a simple MBE chamber. Adapted from Ref. [84].

the employment of multi-stage deposition, e.g., a Ba-rich deposition followed by a
Si-rich deposition, can further improve the epitaxial film quality [30].

sese A
i /
template | epitaxial film
Si substrate Si substrate
RDE MBE

Figure 2.10: Schematic illustration of a typical MBE deposition process of BaSis.

The preparation of high-quality epitaxial thin films requires a carefully controlled
layer-by-layer growth process. Hence, a precise low-rate deposition with controlled evap-
oration rates is highly preferred for MBE. The deposition rate of epitaxial BaSi, film is
approximately 1 nm/min [86]. Besides, UHV is required for MBE to avoid the disturbing
influence of residual gas impurities. These features enable MBE to serve as an excellent
research platform for BaSi,, somehow, narrow its implementation in the low-cost and
large-scale production of BaSi, films.

2.6.2. Thermal evaporation
Thermal evaporation, a practical approach for large-scale and high-deposition-rate thin-
film fabrication, has also been applied for the fabrication of BaSi, films. The thermal
evaporation system is rather simple as compared to the MBE. A typical thermal evap-
oration system consists of a deposition chamber and heating sources. The operation
pressure of evaporation is normally in the range of 1073 - 10~ Pa.

Figure 2.11 depicts the process of thermal evaporation for BaSi, thin films. BaSiy
granules are used as the evaporation source which is placed in a heated tungsten boat.
The Ba and Si vapors are formed from the decomposition of BaSi, at high temperatures.
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Ba and Si atoms arrive at the heated substrate and form BaSi; layer. The substrate tem-
perature is around 600 °C [70]. Various substrates can be used for evaporated BaSi,, such
as glass and silicon [70]. The deposition rate of thermal evaporation is quite large, rang-
ing from 64 — 2800 nm/min [87].

substrate

=
Ba'Si

Figure 2.11: Schematic illustration of a typical thermal evaporation deposition process of BaSiy.

Evaporated BaSi, films show a multi-phase composition and their quality that is in-
ferior to that of the epitaxial films [70-73, 87]. Reactions between the BaSi, and the tung-
sten boat can vary the ratio between the Ba and Si vapor flux [70]. To obtain stoichiomet-
ric BaSiy, the evaporation condition such as deposition rate and substrate temperature
needs to be carefully adjusted. Rather than using BaSi, granule evaporation sources, co-
evaporation of Ba and Si can contribute to stoichiometric control over evaporated films.

2.6.3. Sputtering

Sputtering is another widely used physical vapor deposition (PVD) technique for thin-
film fabrications. The detailed information about the sputtering system and mechanism
introduction is given in Section 3.1.1.

To obtain sputtered BaSi, films, either a Ba target or a BaSi, is used for sputtering.
Silicon wafer substrates are required when using the Ba target. And after the sputtering
at room temperature, the Ba/c-Si samples need to be annealing at around 800 °C for the
formation of BaSi, crystals [74]. On the contrary, sputtering of stoichiometric BaSi, has
no the specific requirement on substrate type, which enables depositions on substrates
of glass and wafer. The sputtering can be executed either at high temperatures or at room
temperature yet with subsequent annealing [75-77]. The deposition rate is adjustable by
controlling the pressure and plasma power during depositions, which is around a-few-
nanometer per minute [77].

The sputtered BaSi, films are poly-crystalline and show higher majority carrier (elec-
tron) concentration in the scale of 10!° cm™3, which may be related to the existence of
impurities and defects [76]. Indeed, the film quality of sputtered BaSi, still needs to be
improved for photovoltaic applications.
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2.6.4. Potential alternative techniques

As shown in Table 2.4, other thin-film deposition techniques, such as PLD, CSE, and SPE,
have been employed for BaSi, thin-film synthesis, whereas research on these methods
are limited. Here, we make some brief introductions on these methods:

¢ Pulsed laser deposition (PLD). Ba and Si are vaporized from a stoichiometric BaSi,
target by a high-power pulsed laser beam, which deposits as a thin film on a heated
substrate. SiO, and CaF, were used as substrates. Poly-crystalline BaSi, thin films
are obtained. [78]

* Close-spaced evaporation (CSE). BaAl, and Ni powders are placed on a set of two
Si wafers (one of them acting as the substrate), which is around 2 mm and forms
the so-called close space. The Ba vapor is produced by reaction between BaAl,
and Ni in high temperatures, which forms the BaSi; thin film on the heat Si wafer
substrate.[79]

 Solid-phase epitaxy (SPE). Ba and Si are co-evaporated on the Si substrate, which
is similar to MBE vyet is carried out at a room temperature. After depositions,
samples are treated by two-step annealing at 600 °C and 800 °C to obtain poly-
crystalline BaSi, films.[80]

2.7. Solar cell developments

Along with the development of thin-film fabrication methods, researches on BaSi,-based
solar cells have been carried out, including theoretical computations and experimental
attempts. In this section, a brief review of recent advances in the development of BaSi,-
based solar cells is given.

Indeed, theoretical studies have exhibited the great promise of BaSi, to achieve high-
efficient solar cell applications. Various structures of solar cells have been proposed, as
listed in Table 2.5. A BaSi,-based homojunction solar cell can reach an efficiency around
22.5% [88], while an n-i-p the heterojunction structure can achieve extremely high effi-
ciency around 30.4% [89]. These proposed structures guide practical attempts to achieve
these attractive efficiencies.

Here, the experimental attempts on BaSi,-based are introduced in detail. Currently,
investigations on structures, including Schottky barrier solar cells, n-p heterojunction
solar cells, and homojunction solar cells, have been reported, which provides the funda-
mental for the development of high-efficient BaSi, solar cells.

2.7.1. Schottky-barrier solar cells
A Schottky barrier (SB) formed by a metal/ n-(p-)type semiconductor has long been con-
sidered as the simplest photovoltaic devices of all. The simplicity of the structure of
a Schottky-barrier cell makes it a good starting point for solar cell development. The
Schottky cell exhibits optimal performance when one contact is ohmic while the other
is the barrier contact.

Accordingly, Schottky-barrier solar cells has been reported, with a structure of Al-
doped ZnO(AZO)/SisN4/BaSi,/Al-Nd [94]. The BaSiy layer is deposited by sputtering
followed by annealing at 500 °C. In fact, this solar cell presents extremely low efficiency,
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Table 2.5: Theoretical calculation results of BaSiz-based solar cells performance.

Structures VoclV] Jsc [mA/cm?] FF[%] 1n[%] Ref.
n-Si/i-BaSiy/ p-Si 0594  22.93 82.63 304  [89]
Zn3P;/n-BaSi @ 0.800  33.66 85.99  23.17 [90]
n*-Si/ p-BaSi, ? - - - 142 [88]
p*-Si/n-BaSi, ¢ - - - 227 (88
n*-BaSi,/ p-BaSi, ¢ - - - 225  [88]
p*-BaSi,/n-BaSi, ¢ - - - 225 [88]
p-BaSiy/ n-BaSi, f 0.83 30.61 86 21.74  [91]
p-BaSiy/i-BaSi, / n-BaSi 8 0.87 32.09 87 2422 [91]
Al/FTO/CdS/CIGS/BaSiz/Mo " 0.843  40.56 76.76 2624 [92]
Al/FTO/CdS/ p-BaSi,/Cu ! 1.065  34.23 7214 2632 [93]

@ Concentration of acceptor Ny = 1019 cm™3, concentration of donor Np = 1016 cm™3; b Thickness of n* -Si
d,+_gi=0.1um, Np = 1019 em™3, dp-Basi, =2 um, Ny = 1017 em™3; ¢ dp*—Si =0.1 um, Ny =5x 1019 cm3,
dp—Basi, = 2 pm, Np = 1018 cm™3; 4 dp+__Basi, = 5nm, Np =5x 1019 cm™3, dp—Basiy = 2 um, Ny =
1017 cm™3; ¢ dp*—BaSiz =5nm, Ny =5x 109 cm™3, dp-Basi, =2 pm, Np = 1017 cm™3; f dp—Basi, =10 nm,
Np =5x10' cm™3, d},_gasi, = 2 um, Np = 1x 1017 cm™3; 8 dj,_p,g, = 10 nm, Np = 5x 1019 em™3,
di—Basi, =2 MM, dp_pasi, = 120 nm, Np =5x 10" em=3; " dgrg = 0.05 pm, dggg = 0.05 pm, dcigs = 0.8 pm,
dgasi, = 0.3 pm; i dpasi, =1.2um, Np = 1019 cm™3, dcgs =60 nm, Np = 1017 cm™3.

i.e., 0.10% at room temperature and 0.68% at 90 K [94]. This can result from the poor
quality of sputtered BaSi, as well as the selection of metal (or TCO) electrodes.

Figure 2.12 shows the band diagrams of structures using p- and n-BaSi,. In the case
of p-BaSiy, the contact between p-BaSi, and Al-Nd is ohmic. AZO/SigNy4/ p-BaSi, forms
a metal-insulator-semiconductor Schottky-barrier structure. The built-in potential bar-
rier is around V,; = 0.02 V, indicating a narrow depletion region. This results in a small
photocurrent. As shown in Figure 2.12b, both AZO/Si3N,4/n-BaSi, and n-BaSiz/Al-Nd
form Schottky-barrier junction, which hold V,; of 1.3 V and 1.0 V, respectively [94]. This
structure fails to collect charges effectively.

(a) (b)
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Figure 2.12: Schematic energy band diagrams of (a) AZO/Si3N4/p-BaSip/Al-Nd and (b) AZO/Si3gNy4/n-
BaSiy /Al-Nd structures. Reproduced from Ref. [94].
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Researchers have pointed out the possibility of CoSi, acting as the metal in the Schottky-

barrier junction [95, 96]. CoSi, is a metallic silicide, with a work function of approxi-
mately 4.7 eV [97]. Given the electron affinity of BaSi, around 3.2 eV [98], a Schottky-
barrier height as large as 1.5 eV is expected for the CoSi,/n-BaSi, junction. This large
barrier height allows a large open-circuit voltage and efficient photogenerated carriers
collection in the Schottky-barrier solar cells. A BaSi, (240 nm)/CoSi, (27 nm) Schottky-
barrier structure has been epitaxially fabricated on Si(111) by MBE [95], which shows
clear rectifying properties owing to Schottky-barrier junction at room temperature. It
needs to be mentioned that the film quality of BaSi, is critically dependent upon the
surface condition of CoSi, layer [96].

Besides, Cr/n-BaSiy Schottky-barrier junction also shows clear rectifying properties
in the J-V characteristics at room temperature [26]. The Schottky-barrier junction ex-
hibits a barrier height of 0.73 eV and W,; = 0.53 V. Further research is still needed for the
achievement of efficient BaSi,-based Schottky-barrier solar cells.

2.7.2. Heterojunction solar cells

BaSi,-based heterojunction solar cells have attracted more research interest. Hetero-
junction structures, such as MoO,/BaSi, [99], SnS/BaSi, [100, 101], and Si/BaSi,, have
been studied and demonstrate their potential for solar cell development.

Transition metal oxides (TMOs) have been extensively studied for solar cells applica-
tions, due to their large band gap and selective carrier collection properties [102]. Among
them, MoO, has shown its ability to selectively extract holes from silicon [103]. Con-
sidering the small electron affinity of BaSi,, a MoO,/n-BaSi, hetero-structure has been
proposed, where MoOy, acts as the hole transport layer [99]. An ITO/MoO,/n-BaSi; het-
erojunction diode is fabricated, in which the MoO, was deposited by thermal evapora-
tion, and the n-BaSi, was deposited by MBE. The structure exhibits Voc = 200 mV and
Jsc = 0.5 mA/cm? under AM1.5 illumination, which are still far away from an efficient
solar cells.

The SnS/BaSi, heterojunction has also been studied [100, 101]. SnS and BaSi, were
deposited by thermal evaporation. The hetero-structure was fabricated on the r-Si(100)
substrate. The junction was formed by depositions of both SnS and BaSi, at the low-
temperature (150 °C) followed by post-annealing at 400 °C for 10 min [100]. Extremely
small Voc of 2 -3 mV and Js¢c of 0.012 — 0.025 mA/cm? were observed [101]. These low
performances can result from the inter-diffusion and reactions at the SnS/BaSi, inter-
face [100, 101].

As compared to the above-mentioned structures, Si/BaSi, heterojunctions have at-
tracted more research attention, given the good lattice match between BaSi, and Si and
the fact that high-quality BaSi, films deposited by MBE are always on the silicon sub-
strates.

Figure 2.13 exhibits the band diagrams of p-Si/n-BaSi, and n-Si/ p-BaSi, heterojunc-
tions. Due to the different band gap between BaSi, (1.3 eV) and Si (1.1 eV), obvious band
offsets are observed in both two heterojunctions. At the p-Si/n-BaSi, hetero-interface,
the conduction band offset is AE¢; = 0.9 eV, and the valence band offset is AEy = 0.7 eV,
which are predicted from electron affinities of BaSi, and Si. Obviously, the band offsets
block the photocurrent flowing across the p-Si/n-BaSi, hetero-interface. To overcome
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this issue, a n*-BaSi,/ p*-Si tunnel junction has been suggested [104, 105].

On the other hand, band offsets AEc and AEy at n-Si/p-BaSiy, as shown in Figure
2.13b, promote the separation of photogenerated electrons and holes in p-BaSi,, as well
as those in n-Si, which leads to the operation of a solar cell [54]. By applying an a-Si
passivation layer (also to avoid surface oxidation), an efficiency n = 9.9% is achieved
by a n-Si/p-BaSi» (20 nm)/a-Si (3 nm) heterojunction solar cell [106]. It needs to be
mentioned that n-Si wafer instead of BaSi, acts as absorber, which fails to take the best
advantages of BaSi,.

(a) Vacuum level (b)

Vacuum level

32eV 4.05 eV

n-BaSi2

Figure 2.13: Schematic energy band diagrams of (a) p-Si/n-BaSiy heterojunction, adapted from Ref. [26], and
(b) n-Si/ p-BaSip heterojunction, adapted from Ref. [54].

2.7.3. Homojunction solar cells

The potential of n-BaSi,/ p-BaSi, homojunction solar cells has been studied with a n* -
BaSi, (20 nm)/p-BaSi, (500 nm)/p*-BaSi, (50 nm) homojunction diode on a heavily
doped p*-Si(111) substrate [107, 108]. The band diagram of this structure is presented
in Figure 2.14. Band offsets at p-BaSi,/p-Si interface can be observed. The homo-
junction solar cell n*-BaSi,/ p-BaSi»/ p*-BaSi, on the p-Si substrate exhibits n = 0.28%,
Voc =0.11V, and Jsc = 9.4 mA/cm™2 [108]. Indeed, efforts are still needed to achieve
efficient BaSi, homojunction solar cells.

2.7.4. Multi-junction solar cells

In addition to the single-junction solar cells, BaSi,-based multi-junction (tandem) solar
cells have been proposed. A double-junction solar cell based on organometallic halide
perovskite (CH3NH3Pbls) as the top absorber and BaSi, as the bottom absorber has been
proposed [21]. The resulting modelled ultra-thin double-junction CH3NH3PbIz/BaSi,
(< 2 um) exhibits an implied total photo-current density equal to 38.65 mA/cm? (19.84
mA/cm? top cell, 18.81 mA/ cm? bottom cell) and conversion efficiencies up to 28% [21].
Besides, the possibility of BaSi, /c-Si tandem solar cells have been studied, targeting 1 >
30% [107].
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Figure 2.14: Schematic energy band diagrams of n-BaSiy/p-BaSip homojunction on p-Si substrate, adapted
from Ref. [108].

2.8. Conclusions

In this chapter, structures, properties, thin-film fabrication methods, and solar cell de-
velopment of BaSi, have been discussed. Composed of earth-abundant and low-cost
elements, BaSi, has demonstrated its good optical and electrical properties for thin-film
solar cell applications. Towards the goal of high-efficiency BaSi, based solar cells, there
still are plenty of work shall be done with the material development in aspects of material
fabrications, characterizations, and solar cell development. Industrially applicable and
low-cost material synthesis routines and the deeper understanding on material proper-
ties have been attributed to a prominent position in BaSi, development.
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3.1. Depositions

Typical physical and chemical deposition processes are shown in Figure 3.1. In the phys-
ical processes or (physical vapor deposition, PVD), the growth species is transferred from
asource (or target) and deposited on a substrate to form a film. The process is essentially
atomistic and no chemical reaction is involved. In this section, we majorly discuss the
sputtering process applied for depositions of BaSi, and Si films, and the thermal evapo-
ration process used for the deposition of metal contacts.

Vacuum Evaporation
Laser
~- Thermal Process—+ Molecular Beam Epitaxy

Physical Process - ' lon Plating '
T T Arc '
i - Sputtering :
Thin Film Process lon Process+ :
i r Plasma CVD :
. - Laser CVD
Chemical Process 4
- Thermal CVD

- Chemical Solvent

Figure 3.1: Thin-film deposition techniques

3.1.1. Sputtering

When a solid surface is bombarded with energetic particles such as accelerated ions,
surface atoms of the solid are scattered backward due to collisions between the surface
atoms and the energetic particle, as illustrated in Figure 3.2. This phenomenon is called
back-sputtering, or simply sputtering. In a typical sputtering deposition chamber, the
source and substrate are placed on the two electrodes facing each other. The target ma-
terial electrode is the cathode, while the substrate is placed on the anode. An introduced
gas such as argon at low pressure is used as the medium. When a high electric field is
applied to initiate the glow discharge between the electrodes, free electrons are acceler-
ated by the electric field and ionize the argon atoms. The Ar* ions thus generated are
accelerated at the cathode fall (sheath) and sputter the target resulting in the ejection of
target atoms. These target atoms pass through the glow discharge and deposit on the
substrate electrode.

Several sputtering systems are proposed for thin-film deposition including direct-
current (dc) diode, radio-frequency (rf) diode, and magnetron sputtering [1]. In the dc
sputtering system, the target is composed of metal since the glow discharge (current
flow) is maintained between the metallic electrodes. By simple substitution of an insu-
lator for the metal target in the dc sputtering discharge system, the sputtering discharge
cannot be sustained because of the immediate buildup of a surface charge of positive
ions on the front side of the insulator. To sustain the glow discharge with the insulator
target, rf voltage is supplied to the target. This system is called rf sputtering. In the rf-
sputtering system, the thin films of the insulator are sputtered directly from the insulator
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Incident lon

X
Sputter Atom '\
\

N Target Surface
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Figure 3.2: Physical sputtering process

target.

In magnetron sputtering, a magnetic field is superposed on the cathode and glow
discharge, which is parallel to the cathode surface. The electrons in the glow discharge
show cycloidal motion, and the center of the orbit presents a drift velocity of

Exb
E=—0—
| B|

where E and B denote the electric field in the discharge and the superposed transverse
magnetic field, respectively, b is the unit vector along magnetic field, b = B/|B]| [2]. The
magnetic field is oriented such that these drift paths for electrons form a closed loop.
This electron trapping effect increases the collision rate between the electrons and the
sputtering gas molecules. This enables one to lower the sputtering gas pressure. In the
magnetron sputtering system, the magnetic field increases the plasma density which
leads to increases in the current density at the cathode target, effectively increasing the
sputtering rate at the target. Due to the low working pressure, the sputtered particles
traverse the discharge space without collisions, which results in a high deposition rate
(3].

) (3.1)

0
|E | Substrate | =|

BasSi, target

Figure 3.3: Schematic illustration of the sputtering process of BaSi, films

In this research, an rf-magnetron sputtering system is applied for the depositions of
BaSi, and Si thin films. Figure 3.3 illustrates the sputtering process of BaSi, thin films.
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A stoichiometric ceramic BaSi, target is used for depositions. Ar is the sputtering gas.
Detailed sputtering parameters of BaSi, deposition is discussed in Chapter 4. As for the
deposition of Si layers, the intrinsic crystalline Si target is used, and its deposition details
are provided in Chapter 7. The targets information is summarised in Table 3.1.

Table 3.1: Information of BaSiy and Si targets.

Target Purity Size Doping Type Main impurities
BaSi, - 3inch Undoped Polycrystalline Sr(0.3 wt%), Ca(200 ppm), O(0.5 wt%)
Si 99.999% 7inch Undoped Monocrystalline -

3.1.2. Vacuum evaporation

Evaporation is the simplest and the most widely used method for the preparation of thin
films. One merely has to produce a vacuum environment in which a sufficient amount
of heat is given to the evaporant to attain the vapor pressure necessary for evaporation,
then the evaporated material is allowed to condense on a substrate kept at a suitable
temperature. Vacuum evaporation consists of three distinguishable steps [4],

1. Transition of the condensed phase (solid or liquid) into the gaseous state.

2. Traversal by the vapor of the space between the vapor source and the substrate
(i.e., transport of the vapor from the source to the substrate).

3. Condensation of the vapor upon arrival at the substrate (i.e., deposition of these
particles on the substrate).

In this thesis, a Provac PRO500S evaporation system is applied for metallization. Both
resistive thermal evaporation (with a tungsten boat) and electron-beam (e-beam) evap-
oration can be conducted in the system. In the case of thermal evaporation, the glow-
ing tungsten boat melts the material with a relatively low melting point, for example,
Ag which has a melting point of about 960 °C. In respect to e-beam evaporation, the
electrons are generated normally by thermionic emission and accelerated to attain high
kinetic energy. The electron beam is redirected by a magnetic field and impinges on the
evaporation material in the crucible. Upon striking the material, the kinetic energy is
converted to other forms of energy among which the thermal energy melts the material
and generates the vapor flux. E-beam evaporation is originally designed for evaporating
material with high melting points, for example, Cr with a melting point of 1907 °C.

3.2. Property and structure characterizations

3.2.1. Optical characterizations
Optical measurements enable non-contacting material characterizations with minimal
sample preparations. Optical measurements fall into three broad categories [5],

i. photometric measurements (amplitude of reflected or transmitted light is mea-
sured),
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ii. interference measurements (phase of reflected or transmitted light is measured),
iii. polarization measurements (ellipticity of reflected light is measured).

Figure 3.4 summaries main optical characterization techniques. Light is either re-
flected, absorbed, emitted, or transmitted by the specimen during the optical measure-
ments. For this thesis, techniques including Raman spectroscopy, spectroscopic ellip-
sometry, transmission, and reflection are used for the thin-film structure and property
characterizations.

Emission Reflection
e Raman Spectroscopy h e  Optical Microscopy
e  Photoluminescence \Y . Ellipsometry

e UV Photoelectron Spectroscopy . Reflection Spectroscopy

" R
T

Absorption Transmission
e  Photoconductance e Transmission Spectroscopy
e  Photoelectron Spectroscopy e Infrared Spectroscopy

Figure 3.4: Optical characterization techniques, reproduced from Ref. [5].

Raman spectroscopy

Raman Spectroscopy is a non-destructive chemical analysis technique that provides de-
tailed information about chemical structure, phase and polymorphy, crystallinity, and
molecular interactions. It is based on the Raman effect first experimentally observed by
Raman and Krishnan in 1928 [6].

When light interacts with the sample surface, light is mainly elastically scattered (i.e.,
the energy of the scattered photon is equal to that of the incident photon), which is often
referred to as Rayleigh scattering. The inelastic scattering of light by matter (i.e., the
energy of the scattered photon is not equal to that of the incident photon) is known as
the Raman effect. If the incident photon imparts energy to the lattice in the form of a
phonon (phonon emission), it emerges as a lower-energy photon. This down-converted
frequency shift is known as Stokes-shifted scattering. In anti-Stokes-shifted scattering,
the photon absorbs a phonon and emerges with higher energy [7]. They are shown in
Figure 3.5. The anti-Stokes mode is much weaker than the Stokes mode and it is Stokes-
mode that is usually monitored.

The shift in angular frequency of the scattered light can be described by the following
equation:

Wscat = Wp  Wosc,) 3.2)

where wqsc denotes the lattice or molecule vibration, w,, denotes the incident photon
(often referred to as the pump photon) and wsc,¢ denotes the scattered light [6, 8]. The bi-
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Figure 3.5: Diagram of Rayleigh and Raman scattering processes.

nary operator (+) is determined by energy decrease or increase of scattered light, which
corresponds to Stokes and anti-Stokes Raman scattering, respectively.

During Raman spectroscopy measurements a laser pump beam is incident on the
sample, as shown in Figure 3.6. Laser light is focused onto the sample surface by a mi-
croscope objective lens, which is also employed for the collection of the backscattered
light. Notch or edge filters filter out Raman-shifted photons and they are finally fed into
a grating spectrometer enabling the simultaneous detection of the wavenumbers in a
selected spectral range by use of a charge-coupled device (CCD) detector [7, 9].

4

Spectrometer

Grating

Entrance slit

[mumenn-
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optics
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Figure 3.6: Schematic of Raman spectroscopy setup, adapted with Ref. [10].
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Most semiconductors can be characterized by Raman spectroscopy. The wavelengths
of the scattered light are analyzed and matched to known wavelengths for identification.
In this research, Raman spectroscopy is employed to identify the crystalline BaSi,, as
well as its impurity compositions. By using lasers with various wavelengths and hence
different penetration depths, profiling the sample to some depths is also possible [5].
Meanwhile, Raman mapping can also be realized by step-wise movement of the sample
through the laser focus, while acquiring a Raman spectrum in every pixel of an image
[9].

Spectroscopic ellipsometry (SE)

Ellipsometry is a contactless, non-invasive technique measuring changes in the polar-
ization state of light reflected from a surface. Figure 3.7 explains the basic principle
of ellipsometry. Considering plane-polarized incident on a plane surface, as illustrated
in Figure 3.7, the incident polarized light can be resolved into a p-polarization com-
ponent Ef ;, and a s-polarization component E ;. The oscillatory direction of the p-
polarization is parallel to the incident plane, while that of the s-polarization is perpen-
dicular.

Incident plane

o=
Incidence Reflection
E' El,\s Ef‘ s

=l
E; \ Ef‘rp
\ [

Figure 3.7: Basic principle of ellipsometry. The waves indicated as s and p represent s- and p-polarized light
waves. The oscillatory direction of the p-polarization is parallel to the incident plane of samples.The Ef shows
the electric field vector and the subscripts i, r, s, and p for E¢ denote the incidence, reflection, s-polarization
and p-polarization, respectively [11].

For zero absorption material, only the amplitude of the reflected wave is affected.
Linearly polarized light is reflected as linearly polarized light. However, the two com-
ponents experience different amplitudes and phase shifts upon reflection for absorbing
materials and for multiple reflections in a thin layer between air and the substrate. In
particular, the amplitude of the p- and s-polarized waves and the phase between these
polarizations change depending on the optical constants (n, k) and film thickness. The
name of the technique “ellipsometry” originates from the fact that polarized light often
becomes “elliptical” upon light reflection, as depicted in Figure 3.7.

Ellipsometry measures the two values (¥, A), which represent the amplitude ratio ¥
and phase difference A between the p-polarization and s-polarization, respectively. The
(¥, A) measured from ellipsometry are defined by
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p = tan(¥) exp(iA) = :—” (3.3)

N

where r), and r are amplitude reflection coefficients for the p- and s-polarizations. They
can be expressed as

E
rp=—2 = |r,| exp(ib,), (3.4)
Ef,ip
E
ry= —2 = |y exp(idy), 3.5)
Ef,is

where |r| and 6 represent the amplitude ratio and phase difference between the incident
and reflected waves, respectively. From Equation 3.3 - 3.5, it follws that

r

tan¥ = l—pl, (3.6)
[rsl

A=6,-5s. 3.7)

For actual ellipsometry measurements, various optical elements, including a polar-
izer, analyzer, and compensator, are used. In conventional ellipsometry instruments,
these optical parts are rotated, and the polarization state of the reflected light is deter-
mined based on the variation of the reflected light intensity with the rotation angle of
the optical element. In spectroscopic ellipsometry (SE), white light generated by xenon,
halogen, and/or deuterium lamps is used as a probe, and (¥, A) values for all the wave-
lengths are measured simultaneously using multichannel detectors.

The SE data analysis procedure is summarized in Figure 3.8. An optical mode is con-
structed for measured (¥, A). The model is normally defined by the thickness of com-
ponent layers, surface roughness, optical constants, the substrate, etc. By employing
the constructed optical model and the optical data, the SE spectra are calculated using
Equation 3.3. The calculated SE spectra are fitted to the experimental spectra using some
analytical parameters as fitting parameters. Finally, from the parameters that provide the
best fitting, the optical constants and thin-film structure are determined. By analyzing
the extracted optical spectrum, the absorption coefficient («) and the band gap (Eg) of
semiconductor materials can further be determined [11].

Transmission and reflection
When radiant flux is incident upon a surface or medium, three processes occur, i.e.,
transmission, absorption, and reflection.

Transmission is the term used to describe the process by which incident radiant flux
leaves a surface or medium from a side other than the incident side, usually the opposite
side. The spectral transmittance 7 (1) of a medium is the ratio of the transmitted spectral
flux ®@,, to the incident spectral flux ®;;, or

Dy

TA) = —. (3.8)
Dy
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Figure 3.8: Data analysis procedure for spectroscopic ellipsometry measurements [11].

Reflection is the process where a fraction of the radiant flux incident on a surface is
returned into the same hemisphere whose base is the surface and which contains the
incident radiation. The reflection can be specular (in the mirror direction), diffuse (scat-
tered into the entire hemisphere), or a combination of both. The most general definition
for specular reflectance R(A) is the ratio of the radiant flux reflected ®,, to the incident

radiant flux ®,;, or
(0]
RO = 2L, (3.9)
Dy

Absorption is the process by which incident radiant flux is converted to another form
of energy, usually heat. Absorptance is the fraction of incident flux that is absorbed. The
specular absorptance A(A) is defined by

Dja

A = ,
Dy;

(3.10)

where @, , is the absorbed radiant flux.

Radiant flux incident upon a surface or medium undergoes transmission, reflection,
and absorption. Application of conservation of energy leads to the statement that the
sum of the transmission, reflection, and absorption of the incident flux is equal to unity,
or

AAN+TA)+RA) =1. (3.11)

In this thesis, specular transmittance and reflectance are measured with a LAMBDA
UV-vis-NIR spectrometer equipped with a 150-mm integrating sphere as shown in Fig-
ure 3.9.

3.2.2. Electrical characterizations

Hall effect

The Hall effect was discovered by Edwin Hall in 1879, which originally was an investi-
gation on the nature of force acting on a conductor carrying a current in a magnetic
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Figure 3.9: Top-view diagram of a 150-mm integrating sphere installed in LAMBDA spectrometer [12].

field [13]. It can be described as the production of a voltage difference (the Hall voltage,
Vi) across an electrical conductor (or semiconductor), transverse to an electric current
in the conductor and to an applied magnetic field perpendicular to the current. The
Hall effect measurement technique has found wide application in the characterization
of semiconductor materials because it gives the resistivity, carrier density, and mobility.

Considering a p-type semiconductor sample in Figure 3.10, an electric current (1)
flows in the x-direction, indicated by the holes flowing to the right and a magnetic fiedl
B is applied in the z direction. The current can be written as

I=qwdpuy, (3.12)

where wd is the area, g is the elementary charge, p is the hole concentration of the
sample, and v, is the hole velocity along the x-direction.
The voltage along the x-direction is given by

psl
=—, 3.13
P~ wd (3.13)
from which the resistivity is derived as
wd Vp
=——. (3.14)
s I

When a magnetic field B with a perpendicular component is present, charges (here
holes) experience a Lorentz force. The force on the holes can be expressed as

F=q(E+vxB). (3.15)

The magnetic field in conjunction with the current deflects some holes to the bot-
tom of the sample, as indicated in Figure 3.10. This leaves equal and opposite charges
exposed on the other face and results in an asymmetric distribution of charge density
across the sample. This caused a steady electric potential V4.
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Figure 3.10: Schematic illustration of the Hall effect in a p-type semiconductor sample.

In the y-direction there is no net force on the holes since no current can flow in that
direction and Fy, = 0, or

E,=Buv, = Bl (3.16)
YUETET qudp” ’
The Hall voltage Vi is given by
Vi 0 0 BI BI
V= dV:—fEd =—f dy=——-. (3.17)
o wyy qudPy qdp
The Hall coefficient Ry is defined as
avu
Ry=——. 3.18
H= 77 (3.18)
The Hall angle 6 between the current and the net electric field is
EJ’
tanf = — = Bu,, (3.19)
Ex
using I = gpupExwd, where p, is the hole mobility.
Combining Equation 3.17 and 3.18 results
_ ! (3.20)
p GRa’ .

for p-type semiconductors. Similarly, the electron concentration of n-type semiconduc-
tor can be written as

1
n=——. (3.21)
qRu
Equation 3.20 and 3.21 are derived under simplifying assumptions of energy inde-
pendent scattering mechanisms. With this assumption relaxed, the expressions for the
hole and electron densities become [5],
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Figure 3.11: Resistivity and Hall effect measurement sample

r

pe i (3.22)
n= —q%, (3.23)
H

where r is the Hall scattering factor. The Hall mobility ¢y, defined by

_ |Ryl

BH (3.24)
o
can be written as
HH = T p, for p—type; (3.25)
Uy = Ty, for n—type. (3.26)

Hall mobilities can differ significantly from conductivity mobilities since r is gener-
ally larger than unity. For most Hall-determined mobilities, r is taken as unity, but this
assumption should be specified.

For resistivity and Hall effect measurements, the samples are prepared with a confor-
mal mapping developed by van der Pauw [14]. Figure 3.11 shows a square van der Pauw
sample. The resistivity the sample is given by

_ 7d (Riz,34 + Ra3.41)
p In2 2

where Rj234 = V34/I1. The current I enters the sample through contact 1 and leaves
through contact 2, and V34 = V3 — V4 is the voltage between contacts 3 and 4. Ry34; is
similarly defined. Current enters the sample through two adjacent terminals and the
voltage is measured across the other two adjacent terminals.

) (3.27)

Dark conductivity and activation energy
The conductivity (o) is a function of the electron (n) and hole (p) concentrations and
mobilities (1, and up), which can be given as

o=qupn+ppp). (3.28)
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Due to the mobility effects, the conductivity is not a linear function of n or p. Mobil-
ities are functions of impurity concentrations, conductivity, then is a somewhat compli-
cated function of impurity concentration [15].

If we consider, for example, a n-type semiconductor with a donor doping concentra-
tion Ny is significantly larger than acceptor doping concentration N, and if we assume
that the electron and hole mobilities are of the same order of magnitude, then the con-
ductivity becomes

O = qUunn. (3.29)
The electron concentration can be expressed as

—(Ec— Ep)

n = Ncexp T ,

(3.30)
where N is the effective density of the conduction band states, Er is the Fermi energy,
E( is the minimum attainable conduction-band energy, and k is the Boltzmann con-
stant. Combining Equation 3.29 and 3.30, the conductivity can be given as

—(Ec — Ep)
o= qunNcexpT

= L 3.31
=00exp( IcT)' 3.31)
where 0y is a pre-exponential factor, and Ej, is the characteristic activation energy.

Figure 3.12 shows the schematic illustration of the sample lay-out for dark conduc-
tivity measurement. A pair of Al stripes are deposited on the tested film. The sample
is mounted on a temperature-controlled stage. A constant voltage (V) is applied be-
tween two metal contacts and the current (I) is measured at different temperatures. The
temperature-dependent conductivity can be measured by

Il
o)==

_—, 3.32
V wd ( )

where [ is the distance between two contacts, w is the length of contacts, d is the film
thickness. Then, the activation energy (E,) can be derived from Equation 3.31.

Figure 3.12: Schematic diagram of the dark conductivity and activation energy measurement.
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3.2.3. Surface topography characterizations

Atomic force microscopy

Atomic force microscopy (AFM) operates by measuring the force between a probe and
the sample. This force depends on the nature of the sample, the distance between the
probe and the sample, the probe geometry, and sample surface contamination. AFM is
suitable for conducting as well as insulating samples.

The working principle of AFM is illustrated in Figure 3.13. The instrument consists
of a cantilever with a sharp tip mounted on its end that is used to scan the specimen sur-
face. For topographic imaging, the tip is brought into continuous or intermittent contact
with the sample and scanned across the sample surface. Forces between the tip and the
sample lead to a deflection of the cantilever. The motion of the cantilever then is sensed
by the photodiode.

Laser Diode

Photodiode
Cantilever

Figure 3.13: Schematic illustration of an atomic force microscope.

The AFM can operate in a number of modes including [5]:

¢ Contact mode. The probe tip is dragged across the surface and the resulting image
is a topographical map of the sample surface. While this technique has been very
successful for many samples, it has some drawbacks. The dragging motion of the
probe tip, combined with adhesive forces between the tip and the surface, can
damage both sample and probe and create artifacts in the data.

¢ Tapping mode. The tip is placed in contact with the surface to provide high res-
olution and then the tip is lifted off the surface to avoid dragging the tip across
the surface. Tapping mode imaging allows high-resolution topographic imaging
of sample surfaces that are easily damaged or otherwise difficult to image.

¢ Non-contact mode. The instrument senses van der Waal attractive forces between
the surface and the probe tip held above the sample surface. Because, these forces
are substantially weaker, non-contact mode provides lower resolution than either
contact or tapping mode.

Laser scanning confocal microscope
The laser scanning confocal microscope (LSCM) is an essential tool for surface topo-
graphicimaging applications. The LSCM allows accurate nano-level measurements from
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1 um to 50 nm for both full-focus images and reliable 3D shape analysis. Observations
can be made at room temperature without pre-processing of samples. These factors en-
able quick and accurate analysis of samples.

Figure 3.14 shows the structure of a laser scanning confocal microscope. The LSCM
is built around a conventional light microscope and uses a laser rather than a lamp for a
light source. As shown in Figure 3.14, light from one or more lasers passes through a pin-
hole, attenuated through an acousto-optic tunable filter (AOTF), bounces off a dichro-
matic mirror, and passes into the scanning unit. A scanned beam enters the back focal
plane of the objective lens, which focuses the light at a point in the specimen. Any light
coming back from the excitation of a fluorochrome at this point inside the specimen
passes back through the objective lens and the scanning unit. Since this light is of longer
wavelength than the excitation light, it passes through the dichromatic mirror, is further
cleaned up by a barrier filter and it is eventually focused at the second pinhole. Any
light that passes through the pinhole strikes a low noise photomultiplier detector, the
signal from which subsequently passes to the computer imaging system of the confocal
microscope [16, 17].

Photomultiplier
Detector

Pinhole Aperture

Barrier Filter

Laser

Pinhole
Aperture

Scanning Unit

Objective

Coverslip

Focal
Planes

Specimen

Figure 3.14: Schematic diagram of a laser scanning confocal microscope, adapted from Ref. [16].

3.3. Chemical and physical characterizations
Chemical and physical characterization techniques are based on similar principles: a
primary electron, ion, or photon beam causes back-scattering or transmission of the in-
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cident particles-waves or the emission of secondary particles/waves. The mass, energy,
or wavelength of the emitted entities is characteristic of the target element or compound
from which it originated. And their distribution can be mapped in the x-y plane and
frequently also in the depth direction. Each of the techniques has particular strengths
and weaknesses, and frequently more than one method must be used for unambiguous
identification. Also, different techniques present various resolution capabilities. Elec-
tron beams can be focused to diameters as small as 0.1 nm. Ion beams cover the 1 to 100
pm range and X-rays typically have diameters of 100 um and above. In this thesis, vari-
ous analytical techniques, including electron-beam and X-ray techniques, are employed
to investigate the structure and composition of samples.

3.3.1. Electron-beam techniques

Electron-beam techniques are summarized in Figure 3.15. Incident electrons are ab-
sorbed, emitted, reflected, or transmitted, and can, in turn, produce a variety of sig-
nals in forms of electrons, light, or X-ray. By registering these signals, we can obtain
the structural and compositional information of the specimen. Herein, techniques in-
cluding transmission electron microscopy (TEM), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), Auger electron spectroscopy (AES) are used
in this thesis.

Emission
e Auger Electron Spectroscopy (AES)
Energy dispersive X-Ray spectroscopy (EDS)

L]
e  Cathodoluminescence
L]

Reflection

e Scanning Electron Microscopy (SEM)

E e  Low Energy Electron Diffraction (LEED)
i e High Energy Electron Diffraction (HEED)
I e  Surface Potential, Voltage Contrast

4

Electron Microprobe

[
Absorption Transmission
e  Electron Beam Induced Current e  Transmission Electron Microscopy (TEM)
e  Electron Energy Loss Spectroscopy (EELS)

Figure 3.15: Electron-beam characterization techniques, reproduced from Ref. [5].

Transmission electron microscopy (TEM)

The shorter wavelength of electrons in electron microscopes which is about 10,000 times
shorter than that of visible light, allows capabilities of electron microscopes to reveal
ultra-fine details of material microstructure. The resolution of electron microscopes
reaches the order of 0.1 nm if lens aberrations can be minimized. There are two main
types of electron microscopes: transmission electron microscopes (TEM) and scanning
electron microscopes (SEM). The optics of the TEM is similar to the conventional trans-
mission light microscope, while that of SEM is more like that of scanning confocal laser
microscopes. Here, the TEM technique is discussed.
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Figure 3.16 shows the structure of a TEM, consisting of an electron gun, condenser
lens, specimen stage, objective lens, and the projector lens. Electromagnetic lens for
electron beam in the TEM. Electrons from an electron gun are accelerated to high volt-
ages and focused on the specimen by the condenser lenses. The sample is placed on
a small copper grid a few mm in diameter. The static beam has a diameter of a few
microns. The sample must be sufficiently thin (a few tens to a few hundred nm) to be
transparent to electrons.

@ Electron gun

@ Condenser

€= Specimen

@ Objective lens
— .
9 Intermediate lens

@ Projector lens

L= Florescent screen

Figure 3.16: Structure of a transmission electron microscope, reproduced from Ref. [18].

The contrast in TEM relies on the deflection of electrons from their primary trans-
mission direction when they pass through the specimen. The contrast is generated when
there is a difference in the number of electrons being scattered away from the transmit-
ted beam. There are two mechanisms by which electron scattering creates images:

* Mass-density contrast. The amount of electron scattering at any specific point in
a specimen depends on the mass-density at that point. Thus, the difference in
thickness and density in a specimen will generate variation in electron intensity
received by an image screen in the TEM. Mass—density contrast is most important
for non-crystalline, amorphous materials.

e Diffraction contrast. Electrons can be scattered collaboratively by parallel crystal
planes. When the Bragg conditions are satisfied at certain angles between electron
beams and crystal orientation, constructive diffraction occurs, and strong electron
deflection in a specimen result. Hence, diffraction contrast is the primary mecha-
nism of TEM image formation in crystalline specimens.

The diffraction contrast can generate bright-field (BF) and dark-field (DF) TEM im-
ages. Bright-field images are obtained by allowing only the transmitted beam to pass
the objective aperture, while dark-field images are obtained by allowing one diffraction
beam to pass the objective aperture.
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Besides mass-density and diffraction contrasts which are amplitude contrast, the
TEM can obtain phase contrast producing the highest resolution of lattice and structure
images for crystalline materials. Phase contrast is often referred to as high-resolution
transmission electron microscopy (HR-TEM). A crystalline specimen generates a phase
difference between the transmitted and diffracted beams. An additional phase differ-
ence among the beams can be produced by the objective lens. Recombination of trans-

mitted and diffracted beams will generate an interference pattern with periodic dark-bright

changes on the image plane due to beam interference. And such an interference pattern
is a fringe type revealing the periodic nature of a crystal [19].

Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) examines micro-structure by scanning the sur-
face of materials, similar to scanning confocal laser microscopes but with much higher
resolution and much greater depth of field due to the employment of an electron beam.
A scanning electron microscope consists of an electron gun and a series of electromag-
netic lenses and apertures, as shown in Figure 3.17. An SEM image is formed by a focused
electron beam that scans over the surface area of a specimen.
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@ Secondary electron detector
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Figure 3.17: Structure of a scanning electron microscope, reproduced from Ref. [18].

In SEM, interactions between the electron beam and specimen at various depths can
produce the various signal. Among them, back-scattered electrons (BSE) and secondary
electrons (SE) are the two useful signal types for SEM. When electrons impinge on a solid,
they lose energy by elastic scattering (change of direction with negligible energy loss)
and inelastic scattering (energy loss with negligible change in direction). Elastic scat-
tering is caused mainly by interactions of electrons with nuclei and is more probable in
high atomic number materials and at low beam energies. Back-scattered electrons are
produced by the elastic scattering. In contrast, inelastic scattering is caused mainly by
scattering from valence and core electrons and produces the secondary electrons which
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are electrons ejected from atoms in the specimen. The SEM images formed by back-
scattered electrons and secondary electrons reveal different contrast of the specimen:

» Topographic contrast. Topographic contrast in an SEM refers to variation in sig-
nal levels that correspond to variation in geometric features on the specimen sur-
face. Commonly, topographic images are obtained by operating an SEM in the
SEI(secondary electron imaging) mode.

e Compositional contrast. Compositional contrast refers to the variation in gray lev-
els in an SEM image that corresponds to variation in chemical composition in a
specimen. Back-scattered electrons are mainly used to observe the compositional
differences of the specimen. The origin of compositional contrast arises because
the capability of back-scattered electrons to escape from the specimen depends
on the atomic numbers of the specimen atoms. An area in a specimen contain-
ing chemical elements with a higher atomic number will generate more back-
scattered electrons, which will be collected by a detector and produces a brighter
area in the SEM image.

Energy dispersive X-Ray spectroscopy (EDS)

Besides back-scattered electrons and secondary electrons, the characteristic X-ray is also
collected to reveal the specimen information by the technique of energy dispersive X-
Ray spectroscopy (EDS). The EDS is commonly included as a part of SEM and TEM. And
it allows elemental analysis while examining the microstructure of materials.

The EDS method consists of an electron bombardment of the sample and X-ray emis-
sion from the sample, as shown in Figure 3.18. A primary electron beam strikes the spec-
imen. The characteristic X-ray is caused by the interaction of the primary electrons with
inner-shell electrons. Incident electrons eject electrons from one of the inner atomic
shells with electrons from higher-lying shells dropping into the vacancies created by the
ejected electrons. It caused the emission of the characteristic X-ray with wavelengths
practically independent of the physical or chemical state of the emitting atom. The num-
ber and energy of the characteristic X-rays emitted from a specimen can be measured by
an energy-dispersive spectrometer. As the energies of the X-rays are characteristic of the
difference in energy between the two shells and of the atomic structure of the emitting
element, EDS allows the elemental composition of the specimen to be measured.

Auger electron spectroscopy (AES)

Besides characteristic X-ray, the electron-specimen interactions can also produce Auger
electrons, as shown in Figure 3.19. When a high-energy electron (or X-ray photon) strikes
an inner shell electron of an atom, the energy of the incident particle can be high enough
to knock out the inner shell electron. Thus, the atom becomes ionized and in an excited
state. The atom will quickly return to its normal state after refilling the inner electron
vacancy with an outer shell electron. In the meantime, the energy difference between
the outer shell electron and the inner shell may cause the emission of an Auger electron
from an electron shell. The kinetic energy of an Auger electron is approximately equal
to the energy difference between binding energies in the electron shells involved in the
Auger process.




62 3. Experimental

Kick-out
electron

External
stimulation

Figure 3.18: Electronic processes of energy dispersive X-Ray spectroscopy.
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Figure 3.19: Principle of Auger electron spectroscopy. An illustration of KLM Auger transition, where K rep-
resents the core level hole, L is the relaxing electron’s initial state, M represents the emitted electron’s initial
energy state.

Auger electron spectroscopy (AES) identifies chemical elements by measuring the
kinetic energies of Auger electrons. In an AES spectrum, an individual kinetic energy
peak from an Auger electron is marked with an elemental symbol and subscripts indi-
cating the electron shells or sub-shells involved, for example, a KLM Auger transition
illustrated in Figure 3.19. A typical AES spectrum is a plot of intensity (most commonly,
the first derivative of intensity) versus kinetic energy. AES is widely used in measuring
material composition. In addition, sputtering is sometimes used with AES to perform
depth profiling measurements.

Figure 3.20 summaries the range and spatial resolution of back-scattered electrons,
secondary electrons, characteristic X-rays, and Auger electrons for electrons incident on
a solid. Commonly, more than one above-mentioned techniques are used to character-
ize the materials, in order to provide a comprehensive physical and chemical informa-
tion of the materials.
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Figure 3.20: Depth of quantum emission and spatial resolution, reproduced from Ref. [20].

3.3.2. X-Ray diffraction techniques
Similar to the electron beam, X-ray interactions with the solid also provide useful infor-
mation on the materials. Incident X-rays are absorbed, emitted, reflected, or transmitted
and can, in turn, cause electron emission. In this thesis, we used X-ray diffractometry
(XRD) to study crystal structures and phases of samples.

Consider a perfect crystal arranged to diffract monochromatic X-rays of wavelength
A from lattice planes spaced d, as shown in Figure 3.21. The X-rays are incident on the
sample at an angle 6. Note that the 0 angle is not the angle between the incident beam
and specimen surface; rather it is the angle between the incident beam and the crystallo-
graphic plane that generates diffraction. The primary beam is absorbed by or transmit-
ted through the sample. Only the diffracted beam is recorded on the film. The diffracted
beam emerges in a few specific directions, determined by Bragg’s law [5],

nA =2dsing, (3.33)

where A is the wavelength of the beam, 7 is any integer, d is the spacing between diffract-
ing planes, and @ is the incident angle.

A diffractometer records changes of diffraction intensity with 26. The diffractometer
records the diffraction intensity starting from a low 26 and ending at a high 26. A number
of intensity peaks located at different 20 provide a fingerprint for the crystalline speci-
men. Each peak represents diffraction from a certain crystallographic plane. Matching
an obtained peak spectrum with a standard spectrum enables the identification of the
crystalline substances in a specimen [19].
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Figure 3.21: Principle of X-ray diffraction.
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Sputtered BaSi, Films

Abstract

In this chapter, BaSi, thin films is fabricated via an industrially applicable sputtering
process and the mechanism of its structural transformation is studied. Poly-crystalline
BasSiy, thin films are obtained through the sputtering process followed by a post-growth
annealing treatment. The crystalline quality and phase composition of sputtered BaSiy
are characterized by Raman spectroscopy and X-ray diffraction. A higher annealing tem-
perature can promote crystallization of BaSip, but also causes an intensive surface oxida-
tion and BaSi,/SiO, interfacial diffusion. As a consequence, an inhomogeneous and lay-
ered structure of BaSi, is revealed by Auger electron spectroscopy and transmission elec-
tron microscopy. The structural transformation process of sputtered BaSiy films then is
studied by the Raman depth-profiling method, and all of the above observations come
to an oxidation-induced structure transformation mechanism. It interprets interfacial
phenomena including surface oxidation and BaSi, /SiO, inter-diffusion, which lead to the
inhomogeneous and layered structure of sputtered BaSi,. The mechanism can also be ex-
tended to epitaxial and evaporated BaSi, films. Such fundamental knowledge on struc-
tural transformations and complex interfacial activities is significant for further quality
control and interface engineering on BaSi, films toward high-efficiency solar cells.

Parts of this chapter have been published in ACS Applied Energy Materials, 1, 3267 (2018) [1].
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4.1. Introduction

ustainability, industrial ecology, and cost efficiency are regarded as key criteria guid-
S ing the development of the next-generation photovoltaic materials [2-5]. Among a
broad range of materials, the semiconducting barium disilicide (BaSi,) has gained an
increasing interest as a promising light-absorbing material toward high-performance
thin-film solar cells [6, 7]. Despite the huge promise that BaSi, holds, the material is
confronted with potential technological and scientific issues related to the material syn-
thesis and quality control, hindering its deployments from the material to cost-effective
solar cells.

Low-cost synthesis routes of BaSi, come to the forefront. In fact, high-quality BaSiy
films, which achieves efficient solar cell device, have only been accomplished by the
molecular beam epitaxy (MBE) technique [8, 9]. The distinct atomic-level film con-
trol advantage allows MBE a pioneering position in high-quality material development.
However, such an advantage always involves prohibitively expensive processes and the
consequently high manufacturing cost, inhibiting further practical applications. To this
end, great efforts have been put into industrially applicable and commercially realis-
tic processes for high-quality BaSi, fabrications. Besides the chemical vapor deposition
(CVD) technique [10], more attention is focused on alternative low-cost physical va-
por deposition (PVD) approaches, such as thermal evaporation and sputtering [11-15].
BaSi, thin films on various substrates with a high deposition rate up to 840 nm/min have
been achieved via the thermal evaporation technique, presenting comparable quality to
epitaxial films [11, 14, 16, 17]. Nevertheless, evaporation-source-related issues, includ-
ing equilibrium vapor pressure difference and possible reactions with tungsten boat, in-
crease difficulties in stoichiometry and further quality control of evaporated BaSi, [7].
In this regard, the sputtering technique, another feasible option for thin-film fabrica-
tions, is taken into consideration. Besides the high deposition rate and elimination of
ultra-high vacuum (UHV) equipment, the sputtering process exhibits an excellent stoi-
chiometry control for compound material depositions. However, limited knowledge on
sputtered BaSi, films currently cannot support the further advancement from the ma-
terial to practical PV devices [12, 13, 18, 19]. Fundamental researches on synthesis and
characterizations of sputtered BaSi, films remain yet need to be carried out.

The other crucial issue is the material quality control of BaSi; (especially at interfacial
regions). The reactivity with oxygen and moisture does add the difficulties to quality con-
trol at the air/BasSi, interface [7, 20-22]. The formed oxide layer consequently hinders the
minority carrier (hole) transport with a barrier height of 3.9 eV [22]. The involved high-
temperature conditions (Table S1) can further aggravate air/BaSi, interfacial oxidation.
Besides the air/BaSi, interface, the BaSi»/solid (substrate) interface also experiences the
atomic inter-diffusion. Such inter-diffusion alters the stoichiometry, results in defective
phases, and then degrades the film quality [23, 24]. In fact, those interfacial phenomena
both at air/BaSi, and BaSi,/substrate interfaces increase difficulties on material quality
control. Even though some approaches of avoiding deleterious interfacial activities have
been put forward [8, 25, 26], the concealed mechanisms of these interactions are still not
well-documented, especially for the sputtering case. A better understanding of those in-
terfacial activities is a key goal that helps in developing quality-optimization strategies
[20, 27], and designing solar cell architectures [28, 29].
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In this chapter, we present a BaSi, thin film synthesis route via industrially applicable
sputtering technique and reveal the structure transformation mechanism of BaSi, at the
high-temperature treatment. Poly-crystalline BaSi, thin films are obtained through the
radio frequency (RF) sputtering process with a post-growth annealing treatment. Higher
annealing temperatures can enhance the crystallization of BaSi,, but also induces an in-
homogeneous and layered structure. Toward this, an oxidation-induced structure trans-
formation mechanism is proposed based on structural and interfacial observations and
thermodynamic calculations. The knowledge regarding interfacial interactions and the
structural transformation of BaSi, films serves as the foundation for future researches
on quality-control and interface-engineering strategies of BaSi, films toward solar cell
applications.

4.2, Experimental

4.2.1. Film synthesis

An RF magnetron sputtering set-up (Kurt J. Lesker) was applied for the growth of BaSi,
films. A stoichiometric ceramic BaSi, target was installed. After the deposition cham-
ber was pumped to less than 2 x 10~ Pa, Ar gas flow was introduced into the chamber.
The background pressure was maintained at 1 Pa during the whole growth process. The
plasma power of 50 W was applied. Prior to the growth, a pre-sputtering process was
carried out for 10 min. The samples were deposited either on glass or silicon wafer sub-
strates. After the sputtering process, the deposited BaSi, films were subsequently an-
nealed for 90 min in a nitrogen atmosphere. Annealing temperatures ranged from 550 to
750 °C with a step of 50 °C.

4.2.2. Characterizations

The thickness of the as-deposited sample was measured by spectroscopic ellipsometry
(SE, J.A.Woollam Co.). Raman spectra were acquired by an InVia Raman Microscopy
(Renishaw) with excitation wavelengths of 514 and 633 nm. The XRD patterns were ob-
tained by an automatic powder X-ray diffractometer X'Pert Pro equipped with an ultra-
fast linear semiconductor detector PIXcel and on a point proportional detector. Cu Ka
radiation (1 = 0.154 nm) was used as an X-rays source. The X-ray incidence angle 0 was
fixed at 0.5°. The wavelength-depended reflectance and transmittance were measured
by PerkinElmer Lambda 950 spectrometer. Elemental composition analysis was carried
outinJeol JAMP 9510-F Auger Microprobe at 10 keV energy with a tilt angle of 30°. During
sputtering cycles, 1000 eV Ar* ions were utilized. The cross-section images and electron
diffraction patterns were acquired by a transmission electron microscope (TEM, JEOL
JEM-2200FS).

4.3. Results and discussion
4.3.1. Fabrications of sputtered BaSi, thin films

BaSi, films are sputtered on 10 x 10cm? alkali-free glass with target-substrate distances
dr_gs ranging from 110 to 165 mm. Their thickness distribution are shown in Figure 4.1.
The maximum film thickness deviation from center to edge is approximately 55% (dr—s
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=110 nm). Enlarging the spacing between the target and substrate dr_s guarantees a
more thickness-uniform film. However, it would, on the other hand, pose a detrimental
influence on the film deposition rate (Rq). The centric Rq of the samples deposited with
dr-s =135 mm (6.6 nm) and 160 mm (4.4 nm/min) are nearly half and one third, respec-
tively, of sample deposited with dr_s = 110 mm (11.1 nm/min). A lower deposition rate
means poorer product efficiency, lower target utility, and higher film cost. Therefore, the
dr—s = 135 mm was applied for the BaSi, sputtering process, ensuring both uniformity of
thickness in centric area (~20 mm away from the center) and a relatively high deposition
rate.

- -160 mm
=0 -135mm
10- I_A--I110r“rln

0 10 20 30 40 50 60
Distance from the center [mm]

Relative thickness [%)]

Figure 4.1: The relative film thickness normalized with the centric thickness of the film as the function of the
distance from the substrate center. Distances from the target to the substrate (dt_g), i.e., 160, 135 and 110 mm,
were utilized.

The amorphous instead of preferably crystalline state of as-deposited BaSi, (see Ra-
man spectrum in Figure 4.2) prohibits its direct employment into practical thin-film
solar cells. Thus, a subsequent thermal crystallization process was implemented. As-
deposited samples were annealed at temperatures (7,) ranging from 550 to 750 °C. Fused
silica substrates here were utilized due to the high T,. Annealing duration (¢,) was fixed
at 90 min to ensure full crystallization. Here, samples are denoted as BaSi>-T,/t,, e.g.,
BaSi,-RT/0 (as-deposited), and BaSi»-650/90 (T, = 650 °C and £, = 90 min).

Intensity [a.u.]

. .
200 400 600 800
Raman shift [cm ']

Figure 4.2: Raman spectrum of the as-deposited BaSiy film on the quartz substrate.
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Figure 4.3 shows the Raman spectra of annealed BaSi, films acquired by a 633-nm
red laser. Typically, there are five Raman bands corresponding to the vibration of [Siz]4~
cluster in BaSi, which are assigned to five vibrational modes, namely Fy at ~276 cm™ L,
Eg at ~293 cm™!, Eg + Fg at ~355 cm™, Fy at ~376 cm™!, and Ag at ~486 cm™! [30, 31].
As shown in Figure 4.3, only BaSi»-650/90 and -700/90 display sharper bands with fairly
strong intensities, while bands of other samples annealed at lower T, (BaSi»-550/90 and

-600/90) present less distinguishable vibration bands.

Fog, EtFoFy FWHM A, si BaSi

116 im_;_),\t 550/90
114 cm’ 600/90

-1
11.2cm 650/90

9.9cm™
700/90
750/90

300 400 500 600
Raman shift [cm™]

Intensity [a.u.]

Figure 4.3: Raman spectra of annealed BaSiy (collected from the film side).

Full width at half-maximum (FWHM) values of the intensity-strongest Ag band (~486
cm™1) are calculated to quantitatively study the crystalline quality. A lower FWHM value
isreferred to a better crystalline quality. As shown in Figure 4.3, FWHM values decreased
from 11.6 to 9.9 cm™~! by increasing T, from 550 to 700 °C. It implies an enhancement of
crystallization degree at higher T, (but lower than 750 °C). Nevertheless, the higher T,
(= 650 °C), on the other hand, causes the formation of Si nanocrystals (NCs), indicated
by the band at ~519 cm™! [32, 33]. Even worse is the sample BaSi»-750/90, which only
presents a Si NCs band.

It should be emphasized that Raman spectroscopy only reflects the superficial struc-
ture information due to the limited laser penetration depth. To obtain a deeper insight
into sample structures, a Raman depth profiling method is then established by applying
both red (633 nm) and green (514 nm) lasers to measure either from film or substrate
side as shown in Figure 4.4.

Accordingly, an inhomogeneous structure of BaSi,-650/90 is portrayed by Figure 4.5.
An obvious change of Raman spectra, from the surface to bottom, can be observed. In-
tensity ratios between Ag and Si bands I(Ag) /1(Si) are calculated to roughly quantify con-
centrations ratio between BaSi, and Si NCs within detected regions. Here, we see an
increase of I(Ag)/1(Si) from 0.64 at top-surface region to 2.46 at the buried bottom, im-
plying a composition evolution. To be explicit, less BaSi, remains at the surface region,
while Si NCs are inclined to form and accumulate at the surface.

Figure 4.6 presents the XRD patterns of annealed samples. Most of the strong diffrac-
tion peaks are related to orthorhombic BaSiy, which is consistent with the Raman spec-
troscopy and further confirms BaSi, crystallization. Besides the orthorhombic phase,
cubic and hexagonal BaSi, can also be observed. Cubic and hexagonal phases are re-
ported to be metastable in ambient pressure, and form at high-temperature-pressure
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Figure 4.4: Schematic diagram of penetration depths 633- and 514-nm Raman lasers into the film.
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Figure 4.5: Raman depth profile of the sample BaSi,-650/90.

conditions (up to 1000 °C and 1 GPa) [34-36]. The existence of those phases may re-
sult from the high energy of charged particles (Ba and Si) in the sputtering process. The
existence of other low-concentration (less than 7% of the analyzed film) barium silicon-
compounds such as BasSis can also be noticed, the diffraction peak intensities of which
decreases with the increase of T,. Formation mechanisms of those phases and com-
positions remain to be uncovered for the goal of obtaining single-phase orthorhombic
BasSi,.

It is worth to note that BaSi, diffraction peaks can also be observed in BaSi,-750/90,
in which sample [Si4]*~ Raman vibrational bands cannot be detected as shown in Fig-
ure 4.3. It suggests the existence of a BaSi, layer that is sandwiched between two thick
non-BaSi, layers in the BaSi,-750/90. The possible amorphous and/or micro-crystalline
state of non-BaSi, layers prohibits their being detected by XRD nor Raman. Additionally,
the absence of [Si;]*~ Raman bands indicates that the higher annealing is presumed to
enhance the non-BaSi; layer growth.
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Figure 4.6: XRD patterns of annealed BaSiy films.

Auger electron spectroscopy (AES) was employed to determine the elemental com-
position and structure. Due to the requirement of conducting substrates for measure-
ments, crystalline silicon (c-Si) wafers instead of fused silica substrates were utilized
here. Prior to the BaSi, growth, c-Si substrates were coated with interlayers, including
SiO,, p-, and n-type poly-crystalline silicon (poly-Si) [37]. Employments of interlayer
can avoid the influence of c-Si orientation on film growth, and make it possible to study
the interactions at BaSi, /poly-Si and BaSi,/SiO» interfaces.

Figure 4.7 displays the depth elemental concentrations of the as-deposited BaSi; film
with a structure of (BaSi,-RT/0)/SiO2/c-Si. The layer structure is quite distinguishable,
including the native oxide layer (Layer I, ca. 5 nm), the BaSi, (Layer II, ca. 450nm), the
SiO; interlayer (Layer III), and the c-Si substrate (Layer IV). A constant ratio of Ba:Si =
1:2 throughout the Layer II reflects the excellent stoichiometry control of the sputtering
technique. Besides, no obvious inter-diffusion phenomenon can be observed within the
BaSi,-RT/0.

However, the existence of ~10% oxygen that uniformly distributes throughout the
Layer II can also be observed. There are three potential sources of the oxygen, including
oxygen diffusing from SiO,, the native oxidation, and the residual oxygen in the cham-
ber. Firstly, thermodynamic non-equilibrium states of atoms during the sputtering pro-
cess can induce the oxygen diffusion at the BaSi,/SiO, interface. On the other hand, the
amorphous nature of the as-deposited film, containing a high density of defects and dis-
order structures, may enhance the chance for oxygen (in the air) bonding with Ba and
Si during the sample storage. However, the absence of an oxygen concentration gradi-
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Figure 4.7: AES elemental concentration depth profiles of as-deposited BaSiz on the SiO»/c-Si substrate.

ent near BaSi,/SiO, and air/BaSi, interfaces suggests that oxygen is less likely to origi-
nate from the two above-discussed sources. Another possible source is the residual O,
and moisture in the deposition chamber. Given that the base pressure of the deposition
chamber is around 2 x 107* Pa, the O, partial pressure, as a result, is in the order of
1079 Pa. It ensures a sufficient number of oxygen atoms for incorporation in BaSi, films.
Due to its incorporation with BaSi, during deposition, the oxygen here is denoted as in-
ternal O. Not only in the case of sputtering, similar oxygen incorporation phenomena
have also been reported with epitaxial and evaporated BaSi,, which are executed at even
lower pressures (on the order of 107° Pa) [26, 38, 39]. The existence of those internal O
atoms does not alter the composition uniformity of sputtered BaSi,. Nevertheless, it is
currently hard to assert the effects of internal O on BaSi, properties, which need further
study.

Figure 4.8 shows the elemental structure of the BaSi-650/90 on the same SiO,/c-
Si substrate. BaSi,»-650/90 exhibits an inhomogeneous structure in which a Si-rich BaSi,
(Layer IV) is sandwiched between an oxide layer (Layers I-11I) and an inter-diffusion layer
(the interfacial region between Layers IV and V). Such a layered structure is consistent
with Raman and XRD observations.
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Figure 4.8: AES elemental concentration depth profiles of BaSi»-650/90 on the SiO2/c-Si substrate.Si atoms
bonded with Ba or O are marked as Si(Ba) and Si(O), respectively.

A high concentration of O at the surface region is the outcome of intensive surface



4.3. Results and discussion 75

oxidation. We denote the O here as external O to distinguished from the O incorporating
to BaSiy during the deposition. The oxide layer (holding a high O concentration) can be
further divided into three sub-layers illustrated in Figure 4.8. Within the Layers I and
11, only Si(O), Ba, and O can be detected, indicating the composition of SiO, and BaO.
The concentration of SiO, increases throughout the Layer I, and eventually reaches a
BaO0:SiO;, ratio of 2:1 (Layer II). The composition transition starts from the Layer III (near
the oxide/BaSi; interfacial region). Accompanying with the upward Si curve in the Layer
111, both BaO and SiO start to decrease while keeping BaO:SiO; = 2:1. The accumulation
of Si in the Layer III results in the formation of Si NCs (Figure 4.8). Hence, the oxide layer
(Layers I-III) presents a composition of BaO and SiO», together with Si NCs. For a higher
annealing temperature, i.e., 750 °C, can promote the surface oxidation inducing a thicker
oxide layer containing higher-concentration Si NCs. It explains the Raman spectrum of
BaSi»-750/90 (Figure 4.3), which only holds a Si NCs peak.

The phenomena of Si accumulation can also be observed on the other side of the
‘sandwich’, indicated in Figure 4.8. It can be the consequence of the diffusion of Ba
into the SiO, interlay (Layer V). Ba unveils a relatively high diffusivity into SiO, and dis-
tributes throughout the Layer V. Those accumulated Si also formed Si NCs, which is con-
sistent with the Raman spectrum obtained from the substrate side (Figure 4.5). Such
Ba diffusion can be effectively suppressed by poly-Si interlayers, as shown in Figure 4.9.
No Ba presents in the n-type poly-Si layer (Layer VI in Figure 4.9). However, there is a
relatively high concentration of O in the Layer V. The absence of Si(O) here implies that
it is a Ba-Si-O complex oxide rather than a mixture of SiO, and BaO. O atoms here can
also be the internal O, which may originate from the residual oxygen in the deposition
chamber as well as O, and/or oxygen-containing groups adhering to the poly-Si surface.
The case of p-type poly-Si (B-doped) is almost similar as presented in Figure 4.10, except
for the disappearance of B within the poly-Si interlayer (and/or B concentration is under
detection limit).
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Figure 4.9: AES elemental concentration depth profiles of BaSiz-650/90 on the n-type poly-Si/c-Si substrate.Si
atoms bonded with Ba or O are marked as Si(Ba) and Si(O), respectively.

The surface oxidation together with interfacial diffusion phenomena leaves a Si-rich
BaSi, layer in the center of the ‘sandwich’. As illustrated in the Figure 4.8, Si atomic con-
centration is far more than twice that of Ba (2Ba curve), especially near the interfacial
(oxide/BaSi, and BaSi»/SiO») regions. Not only the Si accumulations but also the Ba




76 4. Sputtered BaSiy Films

Concentration [%]

0 100 200 300 400 500 600
Sputtered depth [nm]

Figure 4.10: AES elemental concentration depth profiles of BaSiz-650/90 on the p-type poly-Si/c-Si substrate.
Si atoms bonded with Ba or O are marked as Si(Ba) and Si(O), respectively.

movement can be observed. Comparing the overall Ba distribution in Figure 4.7 and 4.8,
the trend that Ba moves to the surface and substrate side after annealing is quite notice-
able. Nevertheless, the internal oxygen still remains a constant concentration of nearly
10% after annealing throughout the core region of the Layer IV (250 — 450 nm). It suggests
a stable structure of O-incorporated BaSi; in high temperatures. Besides, it needs to em-
phasize that it is external O (from annealing atmosphere and SiO, substrate) rather than
internal O (from residual air in the deposition chamber) that alters the composition uni-
formity of sputtered BaSi,. Further attempts to obtain uniform sputtered BaSi, should
be focused on the anti-oxidation/diffusion layer development. And poly-Si (and/or a-Si)
can be regarded as a potential candidate.

Another phenomenon that should not be neglected is the slight shift of the boundary
between the Layers II and III (Figure 4.8, 4.9, and 4.10), while the thickness of the oxide
layer keeps constant (~200 nm). The cross-section transmission electron microscopy
(TEM) image in Figure 4.11a clues the variation. The Layer I shows a relatively distin-
guishable and flat boundary with a thickness of ~50 nm. However, Layers II and III al-
most merge together and are hard to be distinguished from the BaSi, layer. The variation
in grayscale near the oxide/BaSi, interfacial region suggests the non-uniform composi-
tion and/or structure distribution in this region. Therefore, there is a high chance to
collect AES depth profiles with different sub-layers thickness. Additionally, the high-
resolution TEM (HR-TEM) image of BaSi, bulk (Figure 4.11c) together with the electron
diffraction (ED) pattern (Figure 4.11b), reveal the poly-crystalline and multi-phase struc-
ture of BaSi»-650/60.

Figure 4.12 present the wavelength-depended reflectance curves of BaSi,-650/90, -
700/90 and -750/90. Interference fringes in reflectance curves can result from the layered
structure of high-temperature-annealed BaSi, films. Interference peak position shifts
with the increase of T, can also be observed. It can be caused by the oxide layer growth
(bulk BaSi, thickness decreasing) at higher T,. Besides, increasing T, from 650 to 700 °C
leads a drastic enhancement of the transmittance (Figure 4.13). It can be interpreted by
the improvement of BaSi, crystalline quality at higher T, (see Figure 4.3) and/or oxide
layer (SiO, and BaO) growth.

Figure 4.14 shows absorptance curves. BaSi, films exhibit high absorptance compar-
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Figure 4.11: (a) TEM cross-section image, (b) ED pattern, and (c) HR-TEM image of the (BaSi»-650/90)/ n-type
poly-Si/c-Si sample.
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Figure 4.12: Wavelength-dependent reflectance curves of annealed BaSiy thin films. Interference peak position
shifts, i.e., Ay, Ap, Az, and Ay, are illustrated.
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Figure 4.13: Wavelength-dependent transmittance curves of annealed BaSi thin films.

ing to hydrogenated nanocrystalline silicon (nc-Si:H). However, metallic and/or defec-
tive phases (Figure 4.6) induce an absorptance tail in the long-wavelength range. And
it can be attenuated by increasing T,. BaSi»-700/90 and -750/90 then present obvious
absorption edges. However, higher T, up 750 °C, in turn, reduces the absorptance in
the visible wavelengths range. The absorptance difference between BaSi»-700/90 and
BaSi»-750/90 reaches to a maximum at a wavelength around 500 nm, which is near the
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absorptance peak of nc-Si:H (Figure 4.14). Hence, such absorptance difference can be a
consequence of formations of higher-concentration of Si NCs and/or the thicker oxide
layer at a higher T,. Those optical properties are also consistent with the appearances of

samples (Figure 4.15a-d), including the change of the transparency and brownish color
(annealed samples).
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Figure 4.14: Wavelength-dependent absorptance curves of annealed BaSiy thin films. The absorptance was
calculated as follows: absorptance(%) = 100% — reflectance(%) — transmittance(%). The simulated absorp-
tance curve of 500 nm thick nc-Si:H film is presented as the reference.

BaSi,-RT/0O = BaSi,-650/90
- —_— - —— —

©) (d)

BaSi»-700/90 BaSi,-750/90

Figure 4.15: Photo images of (a) BaSiz-RT/0, (b) BaSi2-650/90, (c) BaSi2-700/90, and (d) BaSiz-750/90.

Even though optical characterizations provide some information of annealed sam-
ples, it is hard to obtain the exact optical properties of bulk BaSi, with the existence such
layered structure (oxide and Si NCs). The same goes for the electrical properties. The

thick oxide layer at the front side inhibits proper measurement due to high contact re-
sistance.

4.3.2. Investigation on sputtered BaSi, annealing process

A deeper understanding on the mechanism of above-discussed structural transforma-
tion then is essential for sputtered BaSi, quality-optimization and further applications.
Hence, the annealing process is temporally investigated by the established Raman depth-
profiling method (only 633-nm laser is employed here). Raman depth profiles of BaSi,-
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650/1, -650/5, and -650/10 are presented in Figure 4.16a-c, respectively. Vibration bands
of [Si4]*~ observed at all samples suggest the BaSi, crystallization. Prolonging the t,
sharpens the vibration bands, indicating the promotion of crystallization. It is addition-
ally reflected by the decrease of absorptance (Figure 4.17c). The surface oxidation also
happens, implicate by the oxide band ~315 cm™! (Figure 4.16a and b) [40]. Besides, Ra-
man spectra of some specific regions at BaSi»-650/10 surface present a Si band (Figure
4.16¢ and Figure 4.17).

A more significant surface morphological change is observed with T, = 700 °C (Fig-
ure 4.16g — 4.16i). Cracks at the sample BaSi»-700/1, probably caused by the thermal
expansion coefficient mismatch, disappear by prolonging the T;. It can be the result of
the surface composition variation, reflected by the surface color change (Figure 4.16g
and 4.16h). Yet we cannot assert the situation of cracks below the surface region, which
remains to be investigated.

Prolonging the #, induces a non-uniform surface, including the appearance and com-
position. Accompanying the formation of blue and brow regions at surface of BaSi;-
700/5, the Si Raman band can be noticed in the surface region (Figure 4.16e). Though,
the Si band in bottom region is less distinguishable. Further extending the 7, to 10 min
results in area expansions of blue and brown regions (Figure 4.16i). Moreover, some re-
gions, i.e., C and D regions in Figure 4.16i, only exhibit strong Si bands in Raman spectra
(Figure 4.16f).

Accordingly, the annealing process of BaSiy, in the respect of temporal structure and
composition evolution, can be roughly divided into three phases: (i) Si NCs free and uni-
form surface oxidation, (ii) Si NCs formation involving non-uniform surface oxidation,
and (iii) Si NCs formation in bottom region, as illustrated by the Figure 4.16;j.

4.3.3. Oxidation-induced structural transformation

Previous researches have credited the BaSi, oxidation and Si NCs formation to the reac-
tion:

2BaSiy + 02 — 2BaO+4Si A;G =-841.87 kJ/mol 4.1)

by which Si atoms (or [Sis]*") are isolated and form Si NCs [40, 41]. AG is the change in
Gibbs free energy of the reaction at the temperature of 650 °C (923 K). A, G is calculated
by the standard formation enthalpy and entropy of the reactant and resultant [21]. The
thermodynamic properties of BaSi, powder here are utilized [42, 43].

Equation 4.1 can hardly explain the structural transformation of BaSi; in neither the
depth nor time scale as described before. By such a single-stage reaction, Si NCs are sup-
posed to distribute uniformly in the surface region, and should be formed in the initial
oxidation phase. Herein, an oxidation-induced structure transformation mechanism is
proposed and illustrated in the Figure 4.18, which is based on the above structure and
interface investigations. The single-stage reaction (Equation 4.1) is elaborated to a multi-
stage variation including three major phases.

Initial oxidation phase at the air/BaSi, interface. In this first-stage phase, the film sur-
face is rapidly oxidized by the residual O, (as well as the moisture) in the N, annealing
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Figure 4.16: Raman spectra of (a) BaSi2-650/1, (b) BaSi»-650/5, (c) BaSi»-650/10, (d) BaSi2-700/1, (e) BaSiz-
700/5, and (f) BaSi»-700/10. The vibrational band at ~315 cm™!, indicated by arrows, refers to surface oxides.
Optical microscope images of (g) BaSi>-700/1, (h) BaSiz-700/5, and (i) BaSi>-700/10 were captured by the Ra-
man setup. (j) Schematic representation of BaSip structural evolution in the time scale.

ambient environment (process I in Figure 4.18),
2BaSiy + 30, — 2Ba0 +4Si02  A;G = —4189.53 kJ/mol (4.2)

Consequently, the film surface is covered with a thin oxide layer, mainly consisting
of BaO and SiO;,. Additionally, the slight trace of C detected by AES (S12, Supporting
Information) in the surface can be regarded as the outcome of the reaction (not indicated
in Figure 4.18)

BaSi, + 5H,0 + CO, — BaCOs3 + 2Si0, + 5H,  AG = —505.09 kJ/mol (4.3)

The crystallization process of BaSi, does initiate at the same time. Hence, BaSi, vi-
brational bands together with an oxide band can be found in Raman spectra of BaSi,-
650/1, -650/5, and -700/1 (Figure 4.16a, 4.16b and 4.16d).

Oxide layer growth phase at the oxide/BaSi, interface. Besides the surface oxidation,
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Figure 4.17: Wavelength-dependent (a) reflectance, (b) transmittance, and (c) absorptance curves of BaSi thin
films annealed at 650 and 700 °C for 1, 5, and 10 min, respectively.

the resultant SiO, also provides an additional path for oxide/BaSi, interfacial front ad-
vancing to the deeper region (process II in Figure 4.18), which is defined as

BaSi, + SiO, — 2Ba0O +5Si  A;G = —99.65 kJ/mol (4.4)

Actually, it is also an oxidation reaction of BaSiy, due to the electron’s loss of Si in
BaSi,. Indeed, the evolving oxide/BaSi, interfacial front can be roughly tracked with si-
multaneous recording of depth Raman spectroscopy. Extending the annealing duration
increases the concentration of isolated Si atoms. Those Si atoms can either form Si NCs,
verified by Si band in Raman spectra, or be oxidized to SiO, by the O, molecules that
manage to penetrate through the thin oxide layer (process III in Figure 4.18), reflected by
the Si(O) curve upward trend in Layer I of Figure 4.8.
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Figure 4.18: Schematic representation of oxidation-induced structure transformation of BaSip films during the
high-temperature annealing process (Note that the diagram does not represent the real microstructures of the
materials)
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Figure 4.19: (a) Image of BaSi»-650/60 surface, over which dark spots are randomly distributed. (b) Auger
spectra of regions illustrate in (a). A C-rich composition (presumably BaCO3) is detected with the dark spot.

More BaSi, is depleted by the process IV. Consequently, the oxide layer grows thicker,
which inhibits the further penetration of O, as well as the subsequent formation of SiO5.
It is the reason of the SiO, concentration decrease within the Layer III (see Figure 4.8). In
this way, Si atoms (in the form of SiO,) in the oxide layer are gradually yet only partially
replaced by Ba atoms (forming BaO) from the buried BaSi, layer. Figuratively speaking,
the Ba atoms are dragged to the upper oxide layer by the oxidation reactions. Hence, a
higher concentration of Ba in the surface region is detected by AES spectroscopy (Figure
4.8), while the Si atomic concentration can only reach nearly half of that of Ba. Note that
the movement of Ba, in turn, leads to Si atom accumulation in the BaSi, layer, especially
near the oxide/BaSi, interface. Moreover, such SiO,-triggered oxide layer growth results
in the boundary variation between Lay II and III (see Figure 4.8).

Oxygen-driven Ba diffusion at the BaSi,/SiO, interface. With a longer t,, Si vibration
bands appear in the Raman spectra in the case of detection from the substrate side.
In such condition, the Equation 5 is valid at BaSi,/SiO, interface. Similarly, isolated Si
atoms formed Si NCs, interpreting the Si atom accumulation near the BaSi,/SiO, inter-
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face (Figure 4.8) as well as the consequent Ba diffusion into SiO,. In spite of the slight Ba
diffusion within the thin oxide layer, no Ba atom can be detected throughout the n-type
poly-Si interlayer in Figure 4.9. Hence, we can assert that it is the oxygen (in SiO;) that
drives the Ba diffusion.

The oxidation-induced structure transformation mechanism allows the interpreta-
tion of both composition and structure transitions of BaSi, thin films that occurred at
higher Tj. i.e., 650, 700 and 750 °C. However, cases of lower T3, such as 550 and 600 °C,
are more challenging to explain. Equation 4.2 — 4.4 can theoretically occur at T, = 550
and 600 °C. Nevertheless, no distinguishable layered structure or Si NCs can be observed
in samples BaSi,-550/90 and -650/90 (Figure 4.3). It may result from the low-degree crys-
tallization of BaSi, (Figure 4.3) and the existence of impurities (Figure 4.6). One can spec-
ulate that the BaSi, crystal structure transition from amorphous to crystalline state also
changes the thermodynamic properties of the material. Those property changes may
consequently suppress the above-mentioned structure transformation process. Further
researches remain to be conducted, which can lay an alternative path to enhance the
thermodynamic stability of BaSi, for a wider processing temperature PV application.

4.4. Conclusions

In summary, our work established an oxidation-induced structure transformation mech-
anism, based on structural and interfacial investigations on sputtered BaSi, films. Poly-
crystalline BaSi, thin films are obtained via RF sputtering followed by a post-annealing
process. An oxidation-induced structure transformation mechanism is proposed to in-
terprets the transition from once homogenous and stoichiometric films to a layered and
multi-phase structure. It is not limited to the sputtering case but can be extended to
epitaxial and evaporated BaSi, thin films related to high-temperature processes. Be-
sides, the established Raman spectroscopy depth profiling method provides a fast and
facile path for structural analysis of BaSi, films. Even though the sputtering technique is
proven to be a suitable method for BaSi, thin-film synthesis, more efforts still need to be
put on quality improvement of sputtered BaSiy, especially on the development of anti-
oxidation/diffusion approaches. Those fundamental knowledge of structural transfor-
mations and complex interfacial activities are significant to further quality control and
interface engineering on BaSi, films toward high-efficiency solar cells. With the respect
to device developments, interfacial phenomena discussed in this research also provide
important information for BaSiy-based thin-film solar cell architecture design.
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Vacuum-Annealed BaSi, Films

Abstract

As a potential absorber candidate for high-efficient solar cell applications, BaSiy films
are confronted with issues of surface oxidation associated with the high-temperature an-
nealing. Herein, BaSi, films are deposited by sputtering. A vacuum annealing process is
subsequently carried out to crystallize sputtered BaSiy films. Raman spectroscopy is used
to study surface structures and crystalline quality. The elemental depth profile is mea-
sured by Auger electron spectroscopy to understand the compositions of films. Optical and
electrical properties are further investigated to reveal the effects of the annealing condi-
tion. Applying the vacuum annealing condition can effectively suppress diffusion of Ba
and ensure a stochiometric BaSi, layer. However, surface oxidation still occurs even in the
vacuum environment owing to the high reactivity of Ba.

Parts of this chapter have been published in Japanese Journal of Applied Physics, 59, SFFA03 (2020) [1]
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5.1. Introduction

he BaSi, films sputtered at room temperature are associated with high-temperature
T annealing for crystallization. And issues related to the high-temperature annealing,
such as the surface oxidation and the associated Ba diffusion, hinder the development of
sputtered BaSiy [2]. To alleviate those issues, some attempts can be tried, including BaSi,
sample architecture redesign, oxide layer etching, and annealing condition controlling.
Capping layer, such as a-Si, can be employed to change the sample architecture and to
prevent surface oxidation [3-5]. However, reactions between the additional layer and
BaSi, may introduce other issues and increase the difficulties of film quality control [4].
In respect to etching, the high reactivity of BaSi, definitely increases the complexity of
both wet- and dry-etching method developments. Controlling the annealing condition
is relatively a facile strategy. The BaSi, film, annealed at N, atmosphere with the existing
of residual O,, presents a thick oxide layer around 200 nm, and a Si-rich composition [2].
By reducing the oxygen content or introducing the reducing atmosphere, the surface
oxidation and Ba diffusion may be effectively suppressed.

Herein, we present the effects of high-vacuum annealing conditions on the proper-
ties of BaSi, films. BaSi; thin films are deposited through sputtering processes and are
subsequently annealed in a high-vacuum environment. Structural, optical, and electri-
cal properties are characterized to investigate the influences of annealing conditions.
Employing a high-vacuum annealing environment can effectively alleviate Ba diffusion
and improve the stoichiometry of BaSi, layer. However, the surface oxidation cannot be
effectively avoided, thus other anti-oxidation strategies need to be attempted. This re-
search sheds light on the optimization of BaSi, annealing methods. Combining it with
other anti-oxidation annealing strategies may help with developing high-quality BaSi,
films and high-efficient solar cells [6-9].

5.2. Experimental

BaSi, films were deposited by RF magnetron sputtering. Subsequent annealing was con-
ducted at temperatures ranging from 550 to 630 °C in a high vacuum (< 10~* Pa) envi-
ronment. Raman spectra were recorded on a Renishaw InVia™ confocal Raman mi-
croscope with 633-nm laser excitation. Elemental composition analysis was carried out
in Jeol JAMP 9510-F Auger Microprobe at 10 keV energy with a tilt angle of 30°. During
sputtering cycles, 1000 eV Ar" ions were utilized. Reflectance and transmittance were
obtained on a Perkin Elmer Lambda 950 UV-Vis-NIR spectrometer single beam instru-
ment over a range of 300 — 2500 nm. Resistivity and Hall effect measurements were con-
ducted with van der Pauw geometry. Al contacts were deposited by vacuum evaporation
(PRO500S, Provac). Samples were subsequently annealed at 130 °C for 30 min to ensure
ohmic contacts.

5.3. Results and discussion

5.3.1. Surface structure

Figure 5.1 presents Raman spectra of BaSi, annealing in vacuo at different temperatures,
namely 550, 575, 600, and 630 °C. Annealing durations are kept the same for 30 min.
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Raman signatures of BaSi, can be observed in all spectra, suggesting the existence of the
crystalline phase of BaSi, in all samples [10]. The crystallization of sputtered BaSi, can
be achieved at lower annealing temperatures in vacuo than in N, atmosphere. Obvious
BaSi, vibration bands can be observed even in the sample annealed at 550 °C, while no
distinguishable peaks can be found with samples annealed at the same temperature in
N3. The vacuum condition can decrease the thermal budget for BaSi, crystallization [2].
And in this condition, the sample annealed at 600 °C has already exhibited a rather sharp
Raman spectrum.
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Figure 5.1: Raman spectra of BaSiy annealed in vacuo at temperatures of 550 °C, 575 °C, 600 °C, and 630 °C.
Inserts are optical microscopy images captured by the Raman setup.

However, non-uniform surfaces are observed with all the samples, displayed by the
optical microscopy images in Figure 5.1. At a lower annealing temperature, such as 550
°C, the brownish region (point Al) holds a Raman spectrum presenting strong BaSi,
bands together with a peak at 519 cm™! associated to Si nanocrystals (NCs). The exis-
tence of Si NCs is the consequence of surface oxidation [2]. Hence, the composition of
region Al can be a mixture of BaSiy, Si NCs, and other oxidation by-products. It should
be addressed that the surface oxidation still occurred during the annealing process of
BaSi, even in the high vacuum condition. This can be due to the high reactivity between
BaSi, with residual oxygen (extremely low content considering the pressure in the scale
of 1073 pbar) in the annealing chamber. Besides, a weak peak at around 245 cm™! can
also be noticed. The intensity of this peak is much higher in the Raman spectrum of
point B1 of the other region. On the other hand, BaSi, peaks are less distinguishable in
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the point B1. It suggests a low degree of crystallization of BaSi,. Interestingly, no Si peak
is detected in the B1 region, indicating it is less oxidized. Hence, the peak at 245 cm™!
may be attributed to other Ba-Si(-O) compounds, which are inclined to be formed rather
than BaSi, at a lower temperature. In summary, BaSi, annealed at a lower temperature
(550 °C) is partially oxidized, containing Si NCs and other Ba-Si(-O) compounds. And in
such a condition, BaSi, is not fully crystallized, leaving some amorphous phase.

By increasing the temperature to 575 °C, two different regions on the surface can still
be observed. Obvious BaSi, peaks can be noticed in both regions. This indicates an
enhancement of BaSi, crystallization due to the increase of annealing temperature. In
the case of 600 °C, the surface appearance changes a lot from cases of 550 and 575 °C.
Larger grains (with a color of light blue) are formed, as shown by the microscopy images
in Figure 5.1. In the grain region, the Raman spectrum of point A3 contains no peak at
245 cm™!, while the spectrum of point B3 in the boundary region exhibits a pretty weak Si
peak, together with a weaker peak at 245 cm™! comparing to Bl and B2. The annealing
temperature of 600 °C may either avoid the formation of other Ba-Si(-O) compounds
or promote the transition of these compounds to other compositions, which cannot be
detected by Raman. When further increasing the temperature to 630 °C, which is the
limit of the annealing equipment, more distinguishable regions can be noticed in the
microscopy images. And a stronger peak at 245 cm™! is displayed by the spectrum of
point B4 in the boundary region. Therefore, temperature around 600 °C can be enough
to crystallize BaSi, at vacuum according to Raman spectroscopy.

The samples annealed for longer durations have also been investigated. Figure 5.2
exhibits Raman spectra of BaSi, films annealed at 600 °C for 30, 60, and 90 min. Pro-
longing the annealing duration from 30 min to 60 min leads to few differences in Raman
spectra. However, an obvious surface morphology change can be noticed. Boundary
regions (B3) disappears in the surface of the sample annealed for 60 min. Further ex-
tending the duration to 90 min results in a surface that is more uniform. And Raman
spectra of all regions in the samples annealed for 90 min contain strong Si peaks as well
as peaks at 245 cm~!. Hence, such uniformity enhancement of the surface can be a con-
sequence of deeper surface oxidation. Longer annealing duration allows residual oxygen
to react at BaSi, film surface during annealing. In summary, prolonging annealing can-
not significantly improve BaSi, quality, but rather promotes the surface oxidation.

5.3.2. Elemental analysis

Raman spectroscopy only reflects the surface structure information. Auger Electron
Spectroscopy (AES) was employed to investigate the atomic concentration depth pro-
files. The atomic concentration depth profile of BaSi, annealed at 600 °C for 30 min is
depicted in Figure 5.3. There is an oxide layer on the surface, which mainly consists of
SiO, and BaO. A trace of carbon is also detected, which may originate from residual CO,
in the annealing chamber. The surface oxidation of BaSi, at a high temperature can be
hardly prevented even by employing a high-vacuum environment. The relatively high re-
activity of barium enables interactions even with extremely low-concentration residual
0, and CO» in the chamber. Nevertheless, the high-vacuum annealing reduces the oxide
layer thickness from ~200 nm (annealed in N, atmosphere) to ~100 nm [2]. Meanwhile,
the BaSi, layer holds a good stoichiometry, with a Ba:Si ratio of 1:2. Fewer Ba atoms dif-
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Figure 5.2: Raman spectra of BaSi, films annealed at 600 °C for 30, 60, and 90 min.

fuse to the surface or substrate. Oxygen is the cause of driving the diffusion of Ba. By
reducing the content of oxygen, the diffusion of Ba is suppressed, preventing a drastic
structural transformation of BaSi, films.
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Figure 5.3: Elemental concentration depth profiles of BaSip annealed at 600 °C for 30 min Si bonded with O,
Ba, and Si are denoted as Si(-0), Si(-Ba), and Si(-Si), respectively.

5.3.3. Optical and electrical properties

The optical and electrical properties of BaSi, annealing in vacuo were further character-
ized. Figure 5.4 shows the absorptance curves of BaSi, annealed at 550 to 630 °C. A slight
increase of ultraviolet-visible absorptance can be noticed with the increase of annealing
temperature. However, all samples display strong infrared absorptance where the pho-
ton energy is lower than BaSi, band gap around 1.3 eV [11]. The infrared absorptance
can be reduced by increasing the annealing temperature. When the annealing tempera-
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ture reaches to 575 °C, the infrared absorptance does not significantly decrease. This is
most likely related to the presence of band-gap states resulted from detective phases or
impurities. Combining with Raman spectra, the lower temperature can hardly induce a
full crystallization of BaSi,. Defects in the film could cause the band gap states and result
in this infrared absorptance. Higher annealing temperatures could reduce the defective
phases and alleviate such absorptance below the band gap.
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Figure 5.4: Absorptance curves of BaSiy annealed at temperatures ranging from 550 to 630 °C.

Hall effect measurements were conducted to determine carrier type and concentra-
tions. As shown in Figure 5.5, BaSi, films annealed at lower temperatures, namely 550
and 575 °C, randomly present n or p carrier types. Owing to the presence of a high vol-
ume of impurities and amorphous phases, samples may not have a specific conduc-
tion type. By enhancing the annealing temperature, a constant sign of carrier type can
be observed. The sample annealed at 600 °C exhibits an n-type nature, with an aver-
age electron carrier concentration of 3.01 x 10'7 cm™3. The sample annealed at 630 °C
possesses an even lower average electron carrier concentration of 1.52 x 1017 cm™3. A
higher annealing temperature can improve the crystallinity and reduce the vacancy de-
fects in the film. Consequently, the carrier concentration would decrease. Interestingly,
for increasing annealing temperature, an overall decreasing trend of carrier concentra-
tion magnitude is observed, despite the unpredictable carrier type in cases of 550 and
575 °C.

5.4. Conclusions

In summary, this work investigated the effects of the vacuum annealing condition on
the properties of sputtered BaSi, films. Employing the vacuum condition can alleviate
the diffusion of Ba, thus ensuring a stoichiometric BaSi, layer. Despite the fact that sur-
face oxidation still occurs during vacuum annealing, the thickness of the oxide layer is
reduced as compared to the case of N, atmosphere annealing. Moreover, increasing an-
nealing temperature can reduce the defective phases and enhance the crystalline qual-
ity of BaSi,. The drop of infrared absorptance and decrease carrier concentration can
be noticed as results of the defect decrease. The annealing temperature of 600 °C with
a duration of 30 min is sufficient to promote the BaSi, crystallization in vacuo. Further
research is still required to establish the method for achieving PV-grade sputtered BaSi,
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Figure 5.5: Carrier concentrations of BaSiy films annealed at temperatures ranging from 550 to 630 °C.

films, with limited surface oxidation and fewer defects or impurities.
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Face-to-Face Annealing Method

Abstract

In this chapter, sputtered BaSi, thin films are annealed by a face-to-face annealing (FTFA)
approach. The employment of the FTFA approach results in an improvement of surface
homogeneity and crystal quality of sputtered BaSi,. Various covers are applied in the
FTFA, including BaSi,/glass, glass, and Si, which causes the film electrical and optical
properties alterations. These impacts of the FTFA method on sputtered BaSi, films stem
from two aspects, i.e., heat re-distributions caused by the variation of heat-transfer net-
works, and interfacial interactions within the confined space between the cover and the
film. The FTFA approach provides a facile strategy for minimizing the impacts of BaSi,
surface oxidation during high-temperature processes. These results and findings can push
forward the material development of BaSi and its photovoltaic applications.

Parts of this chapter have been published in the Physical Review Materials, 4, 12, 125403, (2020) [1]
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6.1. Introduction

T heoretically, the conversion efficiency (1) of an n-p BaSi, homojunction solar cell
canreach 22.5 - 25%, while a BaSi»/Si and n-Si/BaSi, / p-Si heterojunction solar cells
possess potential n up to 22.7% and 30.4%, respectively [2-4]. However, the highest ex-
perimentally obtained was achieved by a p-BaSi,/n-Si heterojunction solar cell with n =
10%, wherein it was n-Si wafer rather than n-BaSi, acting as the light absorber [5]. The
n*-BaSi,/ p-BaSi,/ p*-BaSi, diode only exhibited an extremely low i of ~0.1%, which is
caused by a high volume of defects within the BaSi, [6]. Defects within the BaSi, can orig-
inate either from thin-film depositions, for instance, synthesis techniques, conditions,
source materials, etc., or from post-growth treatments, such as doping, subsequent de-
positions, etc. [7-12]. The post-deposition annealing was always employed to reduce
the content of defects [7, 10, 12]. Besides, annealing treatment was used to enable the
crystallization of amorphous BaSi,, for instance, room-temperature deposited samples
and ion-implantation doped BaSi; films [9, 10, 13].

However, the employment of high-temperature annealing, in turn, can induce other
issues such as surface oxidation and induced atomic inter-diffusion [8, 9], which plays
a rather significant role in the quality control of sputtered BaSi, films. The anneal-
ing process is essential for the crystallization of room-temperature sputtered film. As
a consequence of surface oxidation, an inhomogeneous surface of annealed samples
can always be observed, which consists of high-volume and non-uniformly-distributed
impurities such as BaO, Si nanocrystals (NCs), amorphous Si (a-Si), FeSiy, BaCOs, etc.
[9, 14, 15]. Vacuum annealing conditions have been applied to suppress surface oxida-
tion [14], which only made a limited contribution to the alleviation of surface oxidation.
Additionally, a-Si anti-oxidation layers were deposited on the BaSi, surface before the
annealing, in which a thick a-Si layer around 50 nm was needed to effectively suppress
surface oxidation [15]. The thick anti-oxidation layer would be retained at the film sur-
face in the form of a multi-phase Si (a-Si and Si NCs) layer, introducing additional issues
into the sputtered BaSi, film applications. To obtain a film surface with fewer impurities
and defects caused by oxidation and diffusion during annealing is crucial for the devel-
opment of sputtered BaSi,.

A face-to-face annealing (FTFA) approach is frequently used for GaAs semiconduc-
tors to prevent the out-diffusion of arsenic, in which the GaAs wafer is placed between
a bottom Si wafer and a top GaAs wafer during the annealing [16]. Besides, the FTFA
approach has been applied to suppress surface oxidation of thin-film materials, such
as Zn0O, AlN, Ga,0s, etc. [17-19]. As compared to the conventional annealing method,
in which the film surface is exposed to the annealing ambient, the FTFA approach im-
proves the thin-film properties due to a confined surface condition of the films and com-
plicated solid-phase reactions [16]. A similar method has also been employed in evap-
orated BaSi, films, in which the FTFA method was applied to suppress the film surface
oxidation for the sake of understanding the post-annealing effects on film property im-
provement [20, 21]. Nevertheless, the effects of the FTFA method on the properties of
BaSi, and its underlying mechanism have not yet been systematically studied.

Herein, amorphous BaSi, thin films were deposited on glass substrates by radio fre-
quency magnetron sputtering and were crystallized by applying the FTFA approach. The
employment of the FTFA approach drastically enhances the sputtered BaSi, film surface
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homogeneity in terms of structure and composition. Applying various FTFA cover ma-
terials demonstrates the potential of controlling the electrical and optical properties of
BaSiy. The mechanism of the FTFA approach is discussed from thermodynamic views on
heat transfer and chemical physic perspectives of interfacial interactions. These results
and finds shed a light on the application and optimization of the FTFA for BaSi, film fab-
rications and offer contributions to the development of the BaSi, material improvement
methods.

6.2. Experimental

BaSi, films were deposited by RF magnetron sputtering equipment using a stoichiomet-
ric ceramic BaSi, target. Corning Eagle XG™ glass was used as substrates. Ar was used
for sputtering.Depositions were carried out at room temperature. The thickness of BaSi,
was kept at around 500 nm. The subsequent annealing processes were carried out in a
high vacuum (HV) environment (< 107* Pa) with a temperature of 600 °C. The annealing
duration is 30 min. Surface topology was analyzed by a 3-dimension (3D) Laser scanning
microscope (Keyence VK-X250). Raman spectra were recorded on a Renishaw InVia™
Raman microscope with 633-nm laser excitation. Acquisition times of Raman mapping
and single spectral collection were set as 20 s and 100 s, respectively, due to the consider-
ation of time consumption. Raman spectra were fitted with Renishaw WiRE™ by using
broadened Gaussian/Lorentzian line shapes. Majority carrier type and concentration
were determined through resistivity and Hall effect measurements with van der Pauw
geometry. Al contacts were deposited by vacuum evaporation (PRO500S, Provac), and
were subsequently annealed at 130 °C for 30 min to ensure ohmic contact. Wavelength-
dependent reflectance and transmittance were obtained on a Perkin Elmer Lambda 1050
UV-Vis-NIR spectrometer.

6.3. Results and discussion

6.3.1. FTFA approach and effects on surface homogeneity
The FTFA approach is illustrated in Figure 6.1a, in which two BaSi, films on the glass
substrate (BaSi,/glass) are placed together, the film surface to the film surface. The up-
per one functions as the cover for the FTFA approach, while the lower one is the obtained
sample. The FTFA sample shows a metallic-grey appearance different from the blackish-
blue surface of the conventionally annealed sample (exposed to the vacuum annealing
ambient), as displayed by Figure 6.1b and 6.1c. The tiny blackish-blue area indicated in
Figure 6.1b is the result of the partially-overlapped FTFA as illustrated in Figure 6.1d.
The optical microscopy image of the boundary region between the covered (blackish-
blue) and the exposed (metallic-grey) areas is shown in Figure 6.1e. A clear transition
from a heterogeneous surface in the exposed area to a quite homogeneous surface in
the covered area. As shown in Figure 6.1e, the exposed area shows a non-uniform sur-
face, where two distinct regions are observed. This surface heterogeneity in the exposed
area can be ascribed to the surface oxidation of BaSi, due to the residual oxidants in the
annealing ambient [9]. An enhancement in surface homogeneity is clearly shown in the
covered area. The variation of surface appearance is normally related to its composition
or geometry.
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Figure 6.1f shows the reconstructed 3D image of the boundary region. In fact, the
exposed area and the covered area demonstrate quite a smooth surface with a simi-
lar height. This suggests that the differences in surface appearance and homogeneity
are likely stimulated by the composition variation rather than the geometrical change.
Meanwhile, we can notice a rougher surface of the transition area between the exposed
and covered areas. The transition region contains randomly distributed hills with heights
of tens to hundreds of nanometers. This likely results from the lateral elemental diffu-
sion between exposed and covered areas. The surface oxidation occurring at the exposed
area can lead to an atomic movement from the covered area to the oxidation sites. Such
atomic movements can lead to mass accumulations in the transition region and forma-
tions of those hills.
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Figure 6.1: Schematic illustrations of (a) fully- and (d) partially-overlapped FTFA configurations for BaSiy an-
nealing. Photographs of BaSip samples (b) annealed by FTFA methods, and (c) exposed to annealing ambient.
(e) Optical and (f) 3D-laser micrographs of the red-dashed boundary region between the exposed and covered
areas in (b).

To understand the link between the variation of surface-appearance homogeneity
with the film composition, Raman mapping measurements are carried out at the area
indicated by the dash-line box Figure 6.1e. Besides the strongest A, peak of BaSi located
at ~486 cm™!, maps of the often-observed impurities FeSi, and Si nanocrystals (NCs)
of sputtered BaSi, films with the Raman peaks at ~247 cm™! and ~519 cm™! [22-25],
respectively, are profiled in Figure 6.2 . Figure 6.2a — 6.2c show the Raman peak-intensity
maps of FeSiz, Si NCs, and the Ag peak of BaSi», respectively. The peak-intensity maps
can indicate the phase-content distribution within the detected depth of the film surface
that is around 100 — 200 nm for BaSi, films [9]. Indeed, their Raman maps demonstrate
three areas with different phase-distribution patterns, i.e., i) X < =5 pum, ii) -5 pum < X <
10 ym and iii) X > 10 um. These areas are precisely corresponded to i) the exposed area,
ii) the transition area, and iii) the covered area in Figure 6.1e, respectively.

In the exposed area (X < —5 um), Raman peak-intensity images demonstrate the
phase distributions in a good agreement of the optical micrograph color pattern in Fig-
ure 6.1e. Although all compositions show inhomogeneous distributions, we can notice
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that the distribution of Si NCs is the reverse of those of FeSiy and BaSi, in the exposed
area. This is understandable considering that Si NCs are formed as the outcome of BaSi,
oxidation and induced atomic diffusion within the films [7, 9, 26, 27]. The formation of
FeSi, can be ascribed to the impurities from the sputtering target, and it thus shows a
similar distribution to that of BaSi,.

A dramatic change in compositions can be noticed in the transition area. Limited
sites at the transition area show the Raman trace of FeSi,. And we can observe the sud-
den drop of FeSi, peak intensity at the boundary between the covered and transition area
(X = =5 um). Differently, Si NCs show an increase of peak intensity when approaching
the transition area, which reaches to the maximum near the boundary between the ex-
posed and transition areas (—8 um < X < —2 um). And it then decreases gradually when X
> —2 um. Meanwhile, some sites near the boundary of transition and covered areas show
an abnormally high Si NCs Raman signal, for instance, points (8,0) and (8,10) indicated
in Figure 6.2b, which may correspond to hills observed in 6.1f. The peak-intensity profile
of BaSi, (Ag) shows a similar trend to that of Si NCs at the exposed/transition boundary
region, while it shows an intensity dip in the middle of the transition area. It is notewor-
thy that BaSi, (Ag) peak intensities at shows similar values at two boundary regions, i.e.,
the exposed/transition and the transition/covered boundaries.

When it goes to the covered area, the signal of FeSi» and Si NCs can no longer be
collected. Only the BaSi, (Ag) is detected, which shows a relatively homogeneous peak-
intensity distribution. We may speculate that the FTFA approach can alleviate the for-
mation/crystallization of FeSi, and Si-NCs within the BaSi; film. However, the BaSi; (Ag)
peak intensity at the covered area is quite lower than that at the exposed area. Although
this can imply a lower of BaSi, content at the covered area within the detected depth,
we cannot yet assert that the FTFA method reduces the concentration of BaSi, at the di-
mension of the entire thickness, considering that the surface compositional and struc-
tural difference between these two areas may alter the Raman-laser penetration depth,
leading to the peak-intensity variations.

The full width at half maximum (FWHM) of the Ag peak is further extracted as an
indicator for BaSi, crystal quality, and its mapping result is profiled in Figure 6.2d. An
improvement of BaSiy crystal quality at the covered area is suggested by the decrease of
FWHM values, though this area shows a lower BaSi, (Ag) peak intensity. The suppression
of the impurity formations may keep the stoichiometry between Ba and Si within the
sputtered films, and then results in better BaSi, crystal quality.

Based on these Raman mapping results together with microscopic results shown
in Figure 6.1, we can deduce that the FTFA approach effectively improves the surface
compositional homogeneity of BaSi, by suppressing the formations of FeSi, and Si NCs,
which also leads to a better BaSi, crystal quality, as compared to the conventional an-
nealing method.

6.3.2. Influence of FTFA cover materials

Besides the BaSi,/glass cover, other covers including glass and silicon wafer are also em-
ployed for FTFA. These FTFA-annealed samples with covers of BaSiy/glass, glass, and
silicon wafer, herein denoted as BaSi,-B, BaSi,-G, and BaSi,-S, respectively, as expected,
demonstrate homogeneous surfaces, while the sample exposed to annealing ambient
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Figure 6.2: Raman peak intensity maps and horizontal profiles (Y = —10, 0, and 10 pm) of (a) FeSip (~247
cm™1), (b) SiNCs (~519 cm™!), and (c) BaSiz Ag (~486 cm™!). (d) FWHM distribution of BaSiz Ag peak and its
horizontal profiles.

(named BaSi,-E) exhibits a non-uniform surface including two distinct regions, i.e., dark
grain and light bright filling regions, as shown in Figure 6.3. Their Raman spectra are
presented in Figure 6.4. In agreement with Raman mapping results, the dark grain area
of BaSi,-E exhibits an obvious FeSi, peak with a weak Si-NCs peak, while the bright fill-
ing area demonstrates a stronger Si NCs without the FeSi, peak. On the contrary, FTFA
samples only present Raman peaks originating from the BaSiy, regardless of types of the
cover.

Despite the same Raman spectral shapes of FTFA samples, it is worthwhile to address
the slight peak-position shift among these samples. The Raman peak-position shift is
normally related to defects within the BaSi, crystal. Herein, the A peak position of BaSi»
is taken for discussions. As compared to the calculated results (Ag peak at 493 cm™1), all
samples display a blue shift (towards lower wavenumber), which is caused by the exis-
tence of defects, including Ba substituted for Si antisites (Bas;), Si vacancies (Vs;), and Si
interstitials (Si) [16, 28]. The larger wavenumber of the Ag peak suggests a lower volume
of these defects. All FTFA-annealed samples hold larger Ag position wavenumbers than
that of BaSi,-E, which implicates a diminution of the defect content owing to the FTFA
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Figure 6.3: Optical microscopy images of (a) BaSiz-E, (b) BaSiz-B, (c) BaSi,-S, and (d) BaSiz-G.
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Figure 6.4: Raman spectra of BaSi,-E, BaSi-B, BaSi,-S, and BaSiz-G.

method. Among them, BaSi-S exhibits the highest A; position wavenumber of 486.86
cm™!, indicating its lower content of those above-mentioned defects. BaSi,-B and BaSi,-
G possess slightly lower values of 486.30 cm™! and 485.39 cm™!, respectively. Detailed
Raman-peak information of sputtered BaSi, films, together with samples fabricated via
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Table 6.1: Raman peak position information of BaSiy.

Samples FeSi, BaSi, SiNCs Reference
Fy Eq Eg+Fy Fy Ag
[em™'] [cm™] [em™ [em™] [em™] [cm™'1  [em™]

BaSiy-E (Dark) - 276.76  288.99 353.32 373.68 48498 518.86 Thiswork
BaSi,-E (Light) 246.13 277.17 290.07 354.1 374.6 485.89 521.08 This work
BaSi,-B - 277.34 289.47 354.28 374.58 486.3 - This work
BaSi,-S - 277.79  290.01 354.92 375.25 486.86 - This work
BaSi,-G - 276.99 289.37 353.59 373.74 485.39 - This work
Sputtering “ - 279* b 291* 351* 373* 483* 518.5* Ref. [26]
MBE ¢ - 277* 292* 355.5* 378* 487* - Ref. [29]
TE4 - 272* 287* 351* 373* 482* - Ref. [8]
BaSi, Powder - 276 293 355 376 486 - Ref. [22]
Calculation ¢ 282* 294.5*  365* 380* 493 - Ref. [28]

“BaSiy target with addition Ba source for sputtering, substrate temperature Ty}, = 600 °C; b Data extracted
from reported Raman spectra curves are marked with a “*’; ¢ Ty, = 650 °C, deposition ratio between Ba and
Si Rpa/Rsi = 2.2; 4 BaSiy granules the evaporation source, Ty, = 700 °C; ¢ Phonon density of states (DOS)
calculations.

other techniques, is summarized in Table 6.1.

Figure 6.5a shows the carrier concentrations of sputtered BaSi, film with different
cover materials during the FTFA. A transition of conductivity type from n-type to p-type
is observed. BaSiy-E exhibits an n-type conductivity, while BaSi,-G presents a p-type
conductivity. During the repeated measurements of majority carrier type, BaSi,-B and
BaSi,-S randomly demonstrate n- or p-type conductivity with similar frequencies. We
speculate a comparable electron and hole concentrations of these samples. Besides the
variation of conductivity type, an increase of the magnitude of carrier concentration, as
well as a decrease of the film resistivity (see Figure 6.5b), can be observed when applying
the FTFA method. The FTFA samples exhibit carrier density on the scale of 10'% cm™3,
which is much higher than that of BaSiy-E (~ 4.5 x 107 cm™3).

Given that BaSi, films here are undoped, their n- and p-type conductivities can be
attributed to the existence of Vg; that function as donors, and Ba vacancies (Vg,) that
behave as acceptors, respectively [6, 21, 30]. Indicated by the blue shift of Raman peaks,
we can expect the reduction of Vg; in the film after applying FTFA. And the conductivity
transition can be regarded as a result of the reduction of Vs; or donors. Meanwhile, the
employment of FTFA may trigger the generation of other types of defects, such as Vg,
defects. Together with the reduction of Vg;, they can lead to a p-type conductivity of
BaSi,-G. The increase of the magnitude of carrier density can be related to a high-volume
of metallic/defective phase within the film, which is indicated by their optical properties.

The wavelength-dependent reflectance, transmittance, and absorptance curves are
shown in Figure 6.6. Although the FTFA approach can enhance BaSi, crystal quality, it
does not significantly improve the BaSi, optical absorption properties. Conversely, we
can notice that FTFA samples show a decrease of absorptance at UV and visible wave-
length window, and pretty high absorptance tails at the near-infrared (NIR) wavelength
range. Such optical properties degrading is normally related to defective and/or metal-
lic impurities/phases within the films, which may generate free carriers and cause the
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Figure 6.5: (a) Carrier concentrations and (b) resistivities of BaSiy films annealed with different cover materials.

increase of carrier density as mentioned above.

6.3.3. Mechanisms of the FTFA approach

The employment of the FTFA approach in the crystallization of sputtered BaSi; leads to
significantly surface homogeneity improvement as compared to the conventional an-
nealing approach. The electrical and optical properties can be altered by applying vari-
ous cover materials in the FTFA. These effects of the FTFA method can be explained from
considerations of heat transfer and surface reactions.

Heat transfer in the FTFA system

Halogen heating lamps were applied for heating the sample through radiation, whose
main emitting wavelength ranges from 1 to 1.6 um (NIR). The introduction of additional
cover material between the heat source and the sample would alter the heat transfer
system and change the way the sample is heated. Figure 6.7a illustrated the heat transfer
process during the FTFA. Heat flux can reach the sample by two routes, i.e., through the
cover or the holder, as shown in Figure 6.7a, which can be described below.

Heat transfer through the cover:

Process 1: Radiative heat transfer from the heater to the cover surface.

Process 2: Absorption and transmission in the cover. The process of radiation travers-
ing the medium (herein the cover) can be described by the radiative transfer equa-
tion (RTE) [31]. Itis complicated to solve such a five-dimensional integro-differential
equation. For simplicity, we only make a qualitative description of the process and ig-
nored the scattering and emission processes. The absorption of the radiant flux can
heat the cover and leads to the heat transfer via the conduction through the cover.
Meanwhile, part of the radiant flux travels through the cover and reaches the sample
surface.

Process 3: The behaviors of radiant flux in the BaSi, film is similar to that in the
cover. Thanks to the high absorption of the amorphous BaSi, at IR and NIR window
[9], radiant flux can be effectively absorbed within the BaSi, layer, enabling its crys-
tallization.
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Figure 6.6: (a)Reflectance, (b)transmittance, and (c)absorptance curves of BaSiy films annealed with different

configurations.

Heat transfer through the holder:

Process 4: Radiative heat transfer from the heater to the titanium sample holder,

effectively heating the holder.

Process 5: Conduction heat transfer within the holder.

Process 6: Conduction heat transfer through the glass substrate towards the film bot-

tom.

The thermal resistance (Ry,) network model of the whole process is illustrated in Fig-

ure 6.7b. The thermal resistance is defined by [32],
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q

where AT is the temperature difference, g is the heat flux passing through the resistance.
The metal holder, being a good NIR radiant flux absorber, is rapidly heated up and the
resulting heat is transferred to the film through the glass substrate. We may assume that
amount of heat transferred through the holder is similar among all samples, due to the
same substrate and holder in all cases. We focus on the analysis of heat transfer from the
heater to the film surface. i.e., Process 1 and 2.

Figure 6.7c — 6.7f show the thermal resistance network models of the heat transfer
from the heater (Theater) to the film top surface (Tfim,top) in the exposed and FTFA sam-

R (6.1)
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ples. Radiative and conductive heat transfer mechanisms are involved, which can be
described by radiative (R;,q) and conductive (Ronq) thermals resistance [32]. Given the
high vacuum ambient, the radiant flux can arrive at the sample surface with limited en-
ergy loss, which indicates a low thermal resistance of the ambient (Ryaq,am). We can as-
sume all samples share a similar and low Ryaq am-

In BaSi,-E, the exposed amorphous BaSi, film directly absorbs the radiant flux. Note
that the amorphous BaSi, presents a high absorption at the NIR window [9]. The ab-
sorption of radiant flux increases the temperature of the film. Together with the heat
from the holder, it enables the crystallization of the film. The crystallization of BaSi, de-
creases its NIR absorption, letting the radiant flux to propagate deeper into the layer and
thus promoting its crystallization.

Placing the covers of silicon and glass does not substantially change the BaSi, film
heating mechanism. Considering that the both silicon and glass covers are transparent
to the heater emitted NIR radiant flux (1 to 1.6 um), most of the radiant flux can pass
through the cover, then be absorbed by the BaSi, film, which is similar to that in BaSi,-
E. This implies the low radiative thermal resistance of Si (Rpaq,si) and glass 0(Ryad,glass)-
As shown in Fig 4(d) and 4(e), the covers also hold the conductive thermal resistance
Recond,si> and Reond glass» Which can be determined by [32],

d
Reond = ﬁ
c

where d is the thickness of the layer, k. is the thermal conductivity (a material property),
Ais the areanormal to the heat flow. The thermal conductivity of Si (k.,si = 0.4 Wem™ K
when T > 800 K) is much larger than that of glass (k¢ glass = 0.0142 Wem™ 'K, when T =
773 K) (33, 34]. Their conduction resistances are Rcong,si = 0.01 KW™!, and Reond,glass =
0.657 KW™!, respectively. The significantly lower conduction resistance of the Si cover
enhances its conductive heat transfer as compared to the case of the glass cover. Note
that most radiant flux is absorbed by the BaSi, film, the temperature of the film surface
(Thim,top) is assumed to be higher than the cover temperature. Heat can be transferred
from the film to the cover through thermal conduction. The lower thermal resistance of
Si cover would promote this conductive heat transfer, and decrease the temperature of
the film. On the contrary, the high thermal resistance of glass can preserve the heat in
the BaSi, film. This leads to a higher film temperature of BaSi,-G than that of BaSi;-S.

The situation of BaSi,-B is more complicated, due to the absorption of the amor-
phous BasSi, layer in the cover. To describe this radiative heat transfer through the BaSi,
layer, the Rosseland approximation of RTE can be used [35, 36], given that amorphous
BasSi; is optically thick in the NIR range [9]. The equivalent radiative thermal conductiv-
ity (ky) is introduced, which is defined as [37],

(6.2)

16nc
kr =

T3 (6.3)
SaR

where 7 is the refractive index of the medium, o is the Stefan-Boltzmann constant, T

is the temperature in K, and ag is the Rosseland mean absorption coefficient, which is

essentially a weighted average of the measured absorption coefficient with weighting

function of temperature derivative of the Planck emission function [37]. The decrease
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of the absorption results in the increase of k;, suggesting the lower radiative thermal
resistance (e.g., Si and glass). It needs to be mentioned that the quantitative analysis
through Equation 6.3 is not applicable for Si and glass, as they are transparent at the
heater peak-radiation window.

The effective thermal (kefr) conductivity is given by,

ket = ke + Ky (6.4)
and the total thermal resistance can be expressed as,

d
kegt A

which is illustrated by the parallel thermal resistances Rcond,Basi,» and Rrad,Basi, in Figure
6.7f. As the thermal parameters of amorphous BaSi; is unavailable, we can only give a
qualitative analysis.

BaSi, layer in the cover absorbs the radiant flux resulting in its temperature increase
(Tmiq)- The higher temperature of the BaSi, layer allows the conductive heat transfer to
the deep bottom layer and the BaSi, film. The crystallization of BaSi, cover decreases
its metallic phase concentration, in turn, decreases its absorption in the NIR window.
This leads to the increase of radiative thermal conductivity (k) according to Equation
6.3. More heat propagates through the cover by radiation and arrives at the film surface.
The BaSi, film then is heated as the same as the cases of other samples. Here, both
conduction and radiation contribute to the crystallization of the film, which is different
from other cases. And the cover is speculated to hold a higher temperature as compared
to the film at the early phase of annealing. After the full crystallization of the BaSi, cover
and the efficient heat conduction through the glass substrate, the film temperature can
be similar or even higher as compared to the BaSi, cover. The glass in the cover functions
the same as the glass cover in BaSi -G, decreasing the heat conduction through the cover.

Based on the analysis of the thermal resistance network, we can conclude that the
BaSi, film temperature during the annealing is in the order of BaSi,-E > BaSi, -G > BaSi,-
B > BaSiy-S. This is in agreement with the absorptance tail in Figure 6.6c. The lower
temperature may decrease the degree of the film crystallization and results in a higher
concentration of metallic phases within the film [9], which causes the absorptance tail in
Figure 6.6c. These metallic phases may also contribute to the increase of the free carrier
concentration in Figure 6.5a. Although the film temperatures decrease in FTFA samples,
the introduction of the cover in the FTFA can contribute to the formation of their ho-
mogeneous surfaces. The lateral thermal conduction in the cover can lead to the heat
redistribution at the film surface, especially with Si and BaSi, cover that hold the higher
thermal conductivities, enabling a uniformly surface heating process. Meanwhile, the
existence of the cover can slow down the film surface temperature decrease during the
cooling process due to their higher thermal resistance as compared to the exposed sam-
ple (BaSi,-E), which also benefits for stress relieving of the films.

Rih,Basi, = (6.5)

Interactions in the confined space
Besides the influence on the heat transfer during the annealing and cooling processes,
placing the cover on the film provides a confined surface that hinders the gaseous dif-
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fusion of residual oxidants in the annealing ambient, for instance, O, H,0, and CO3,
toward the BaSi, sample surface and suppresses the surface oxidation. These residual
oxidants in the vacuum ambient lead to the surface oxidation on BaSi,-E, of which the
oxide layer can be up to 100-nm thick [14, 15]. Consequently, the inhomogeneous sur-
face is formed after annealing. The suppression of surface oxidation benefits the surface
homogeneity of FTFA samples.

Besides, the solid-phase and solid-gas within the confined space also play an impor-
tant role in the FTFA. We first look into the most complicated case BaSi,-B. The BaSi,
cover shows a higher reactivity at high temperatures compared to Si and glass covers. In
the early stage of annealing, the BaSi, cover exhibits a higher temperature than that of
the BaSi, film. Consequently, the residual oxidants are inclined to react with BaSi, cover,
as illustrated in Figure 6.8, including the following reactions [9],

2BaSiz + 50, — 2Ba0 +4Si0,, (6.6)
2BaSiz +2C02 +30,2 — 2BaCOs3 +4Si0o, (6.7)
BaSiy + 5H2,0 — BaO +2SiO; + 5Ha(g), (6.8)
2BasSi, + Si0, — 2BaO + 5Si. (6.9)

Heating lamp

$99959

Glass

A\ \

(Gass |~

Figure 6.8: Schematic illustration of interaction at the interface between the cover and the film.

Surface oxidation of BaSi, can be attributed to Equation 6.6 — 6.9, while the forma-
tion of Si NCs is the outcome of the reaction between BaSi, and oxide demonstrated by
Equation 6.9. The BaSi, cover functions as the sacrificial protection layer consuming
the oxidants within the confined space. This is proved by the formation of Si NCs at the
BaSi, cover surface. BaSiy cover demonstrates an inhomogeneous surface with dark and
bright areas, as shown in Figure 6.9a. A weak Raman peak of Si NCs at ~519 cm™! can
be observed in the spectrum of the dark area, as shown in Figure 6.9b. Meanwhile, more
cracks can be noticed at the surface of BaSi, cover than that of BaSi, films, suggesting
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the non-uniform heat distribution within the cover. This can be ascribed to the surface
oxidation and cover surface roughness that alters the radiant flux absorption.
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Figure 6.9: (a) Optical microscopy image and (b) Raman spectra collected from the dark and bright areas indi-
cated in (a) of the cover for BaSi,-B.

No obvious change can be noticed at the surface of Si and glass cover, whose tem-
peratures are lower than that of BaSi, cover. Among them, Si cover may consume part of
the oxidants, while the glass cannot decrease the oxidant content. Meanwhile, the rather
smooth surface of glass and silicon wafer can reduce the volume of the confined space
as well as the content of oxidants. Hence, we can speculate that BaSi, film surface oxida-
tion degree from severe to mild is in the order of BaSi, -E >> BaSi»-G > BaSi;-S = BaSiz-B.
The suppression of surface oxidation also alleviates the Fe accumulation at the surface
layer and the formation of FeSi, in the FTFA samples.

Besides, the atomic inter-diffusion may also occur during the FTFA, similar to the
case of GaAs [16]. Our previous research has revealed the phenomenon of elemental
inter-diffusion between BaSi, and substrates (SiOx and Si) [9, 15]. Given the lower tem-
perature of the glass cover, we may assume that limited inter-diffusion, majorly Ba dif-
fusion into the glass, occurs at the glass/BaSi, interface in BaSi>-G [9]. Si and Ba inter-
diffusion can occur instead at the interface of Si/BaSi, in the BaSi,-S. Movements of Si
into BaSi, film and Ba into Si cover can result in a Si-rich composition at the BaSi, film
surface, which can improve its crystallinity [30, 38]. The inter-diffusion at BaSi,/BaSi,
interface in BaSi,-S is hard to be predicted, in which various diffusions may happen due
to their high reactivities and higher temperatures.

Owing to the severe surface oxidation, BaSi,-E shows the worst surface crystallinity.
The suppression of the oxidation improves the surface crystallinity of the FTFA samples.
Additionally, the inter-diffusion at the cover/BaSi, interface (especially in BaSi,-S and
BaSiz-B) may further improve their film surface quality. These results are also in good
agreement with the position shift of the A; Raman peak presented in Figure 6.4.

The oxidation and inter-diffusion at the confined space at the cover/BaSi, interface
(i) significantly alter the properties of the BaSi, surface, including surface homogeneity,
composition, and crystallinity; (ii) may influence the longitudinal elemental diffusion
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within the film, which may affect other properties of the film, such as the conduction
type and carrier concentration as shown in Figure 6.5a. However, further investigations
on bulk properties as well as the optimizations on FTFA parameters, such as tempera-
ture, duration, board-range cover materials, heating source (emission wavelength), etc.,
are needed for a comprehensive understanding of the FTFA mechanism and its effects
on BaSi, films.

6.4. Conclusions

The FTFA approach, with various covers including BaSi,, Si, and glass, is introduced in
the post-growth treatment of sputtered BaSi, films for the material crystallization and
thin-film properties improvement from perspectives of surface homogeneity and crys-
tal quality. Impacts of FTFA on sputtered BaSi, film properties majorly originate from
two aspects: i) the employment of the covers in the FTFA alters the heating mechanism
of the film from radiation to a combination of radiation and conduction, which results in
the lateral and longitudinal heat redistribution within the sample and covers; ii) the con-
fined space produced by the covers and the film grants lower-content residual gaseous
oxidants at the film surface and causes the elemental inter-diffusions between the cover
and the film, which tailors the film surface properties. These thermal processes and in-
terfacial interactions coordinatively determine the film properties. Optimizations of the
FTFA method, including temperature, duration, cover materials, heating source, ambi-
ent, etc., are needed for the further improvement and control of the BaSi, film properties.
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Investigations on Si/BaSi,/Si
Structures

Abstract

Knowledge of the structure and composition of Si/BaSi, /Si heterostructure annealed under
high-temperature conditions is a prerequisite for the development of BaSi,/Si heterojunc-
tion thin-film solar cells. For this purpose, Si/BaSi,/Si heterostructures deposited by mag-
netron sputtering with different Si layer thickness are submitted to systematic structure
and composition characterizations. Results reveal a BaSi,/Si hetero-interfacial variation
caused by surface oxidation and Ba diffusion at the high temperature. Its effects on the op-
tical and electrical properties of Si/BaSi, /Si heterostructure are presented. The outcomes of
this work can be extended to BaSiy deposited by other techniques, and generate substan-
tial advantages in BaSi, development ranging from improvement on material qualities
and eventual deployment in thin-film solar cells.

Parts of this chapter have been published in Advanced Materials Interfaces, 2000887 (2020) [1].
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7.1. Introduction

reliminary theoretical researches have established various BaSi; homojunction and

heterojunction solar cell architectures. Despite its intrinsically moderate n-type na-
ture (electron concentration n = 10® — 107 cm—3), the conductivity of BaSi, can be mod-
ified by external doping. Dopants, such as B, Sb, Ga, Cu, and As, can enhance the electron
concentration to the range of 10! — 102° cm™3, while B, Al, Ag, In, etc., would alter it to
a p-type conductivity [2-9]. Such bipolar conductivity of BaSi, facilitates homojunction
architectures. Theoretically, the conversion efficiency () of an n-p BaSi, homojunc-
tion solar cell can reach 22.5 - 25% [10, 11]. However, controllable BaSi, doping pro-
cesses were currently carried out only by Molecular Beam Epitaxy (MBE) with in-situ co-
evaporation or ex-situ ion-implantation of dopants [5, 7]. Regardless of expensive and
complex equipment involved in processes as well as a restriction of c-Si substrate for de-
positions, additional high-temperature annealing was needed after the doping process,
which caused issues such as the segregation of dopants [5]. In the attempt to obtain
BaSi, homojunction solar cells, n*-BaSiy (20 nm)/p-BaSiy (500 nm)/p*-BaSi, (50 nm)
diodes experimentally exhibited an extremely low 7 of 0.1 — 0.28% that could be caused
by high-volume of defects [12, 13].

To this end, heterojunction architectures, which have an inherent advantage of being
free from doping, exhibit a great promise for BaSi, solar cell development. The low lat-
tice mismatch between BaSi, and Si promotes the development of the BaSi,/Si hetero-
junction [14]. Indeed, the highest experimentally obtained BaSi,-based solar cell with
1 = 10% was based on a p-BaSi,/n-Si heterojunction configuration [15]. It needs to be
addressed that the n-Si wafer instead of p-BaSi, functioned as the light absorber in the
solar cell, which failed to take the full advantage of BaSi,. To release the vast potential of
BaSi,, various heterojunction thin-film solar cell architectures based on well-established
Si solar cell technology have been proposed, wherein BaSi, is employed for light absorp-
tion [16]. Simulations on the device level have revealed the great promise of BaSi,/Si
solar cells, for instance, a p*-Si (100 nm)/BaSiy (2000 nm) solar cell can achieve a n =
22.7%, and an n-Si/BaSiy/ p-Si architecture possesses a potential efficiency up to 30.4%
[11, 17]. Heterojunction architectures allow state-of-the-art photovoltaic techniques,
such as tandem solar cells, bandgap engineering, and light management, to experimen-
tally obtain these attractive efficiencies [18]. Meanwhile, industrially applicable tech-
niques for BaSi, absorber layer deposition, for instance, vacuum evaporation and sput-
tering, can be feasibly adopted in BaSi,/Si solar cell manufacturing [19-22]. However,
the high-temperature condition involved either in film growth or post-growth annealing
processes can result in issues such as elemental inter-diffusion and thermal-stress mis-
match, which would generally degrade the device performance or, even worse, lead to an
inoperative solar cell. To reach the goal of efficient BaSi,/Si heterojunction thin-film so-
lar cells, it is of significant necessity and urgency to uncover the BaSi, /Si hetero-interface
behaviors during the high-temperature process and their effects on film properties.

Herein, we present a hetero-interfacial investigation of Si/BaSi, /Si architectures pre-
pared by room-temperature sputtering with post-annealing treatments. Comprehensive
analyses on structural and compositional variations of Si/BaSi,/Si architectures can re-
veal substantial physical and chemical reactions between Si and BaSi,. The influence
of the Si layer thickness on BaSi, properties also serves as a guide for material devel-
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opment. These pieces of knowledge would contribute to the development of BaSi,/Si
heterojunction solar cells.

7.2, Experimental

7.2.1. Fabrications of Si/BaSi,/Si structures

BaSi, and Si layers were deposited by a radio-frequency magnetron sputtering setup with
a stoichiometric BaSi, target and an intrinsic Si target (99.999 %, Kurt J. Lesker), respec-
tively. The sputtering chamber was pumped down to a pressure lower than 5 x 10™% Pa
after placing the substrate inside. An Ar gas flow was introduced for sputtering. Prior
to the deposition, targets were pre-sputtered for cleaning. The plasma power density
and deposition pressure of BaSi, and Si were set as 0.617 W/cm? and 1 Pa, and 0.601
W/cm? and 0.3 Pa, respectively. All films were deposited at room temperature. Deposi-
tions of BaSiy and Si were carried out in the same chamber without breaking the system
vacuum to diminish the impact of surface oxidation. Two Si layers with the same thick-
ness (dsj) ranging from 0 to 50 nm, were deposited to sandwich a BaSi, layer. Thus,
samples with the architecture of Si/BaSi,/Si/Substrate were obtained. Subsequent an-
nealing processes were carried out at 600 °C in a high vacuum environment (p < 10~ Pa)
enabling the BaSi, crystallization. The thickness of the BaSi, layer was kept constant at
around 700 nm. That was considered sufficiently thick to isolate surface reactions from
bulk crystallization upon high-temperature annealing.

Corning glass and c-Si wafer substrates were employed for depositions. To eliminate
the influence of wafer crystalline orientation on the film growth, c-Si substrates were
covered with a 200-nm intrinsic polycrystalline Si (poly-Si) layer that was deposited by
low-pressure chemical vapor deposition (LP-CVD) with high-temperature annealing at
N, atmosphere. Native oxide on the poly-Si layer was removed by a short dip in 5 vol%
HF solution before the depositions.

7.2.2. Characterizations

The X-Ray diffraction (XRD) patterns were obtained by an automatic powder X-ray diffrac-
tometer X'Pert Pro equipped with an ultrafast linear semiconductor detector PIXcel and
on a point proportional detector. Cu Ka radiation (A = 0.154 nm) was used as an X-ray
source. The X-ray incidence angle of w was fixed at 0.5°. Raman spectra were recorded on
a Renishaw InVia™ confocal Raman microscope with 633-nm laser excitation. Raman
mapping was done in Streamline mode using a 50x objective with a scan area of 20 x 20
um?. The acquisition time per scan was 10 s. The Raman spectra were fitted with Ren-
ishaw WiRE™ by using broadened Gaussian/Lorentzian line shapes, and corresponding
Raman intensity maps were created from fitted results. Elemental compositions were
analyzed by a Jeol JAMP 9510-F Auger microprobe at 10 keV energy with a tilt angle of
30°and 65°take-off angle. Depth profiling was conducted by sputtering with 1000 eV Ar*
ions. Secondary electron images (SEI) and back-scattered electron images (BEI) were
also recorded in topographic and compositional regimes using the same device. Root
mean square roughness was measured by an atomic force microscope (AFM, NT-MDT
nTegra). Nano-structural characterization of the cross-sectional samples was done us-
ing a double corrected JEOL JEM ARM200cF scanning transmission electron microscope
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(STEM) equipped with a cold field emission gun operated at 200 kV. All data were pro-
cessed with Digital Micrograph GMS 3.21 (Gatan). Energy dispersive X-Ray spectroscopy
(EDS) spectral images were acquired using a JEOL JED-2300 CENTURIO silicon drift de-
tector (SDD) collecting X-rays with an effective solid angle 0.98 sr and a detection area of
100 mm?. EDS measurements were performed using a probe current of 200 pA. The EDS
energy range was 20 keV (10 eV/channel). EDS atomic maps with 256 x 256 pixels were
acquired with 200 frames and a 0.1 ms dwell time.

For electrical characterizations, Al contacts were deposited by vacuum evaporation
(PRO500S, Provac), and were subsequently annealed at 130 °C for 30 min to ensure ohmic
contact. Resistivity and Hall effect measurements were conducted with van der Pauw
geometry to determine the majority carrier type and concentration. A temperature-
dependent current-voltage (I-V) setup was employed to measure the film conductivity.
Wavelength dependent reflectance and transmittance were obtained on a Perkin Elmer
Lambda 950 UV-Vis-NIR spectrometer single beam instrument over a range of 300-2500
nm.

7.3. Results and discussion

7.3.1. Bulk composition analysis

Figure 7.1 shows XRD patterns of Si/BaSi, /Si structures with Si layer thickness (ds;) rang-
ing from 0 to 50 nm. For notation simplicity, samples were denoted as BaSi,/Si-ds;, e.g.,
BaSi, /Si-20 represented a BaSiy layer that was sandwiched by two 20-nm Si layers. XRD
signatures of BaSi, can be observed in all samples, confirming the presence of crystalline
BaSi, in the Si/BaSi, /Si structures. All samples exhibit similar XRD peak profiles regard-
less of peak intensity difference. This suggests that the employment of Si layers does
not lead to a substantially compositional variation of Si/BaSi, /Si structures. Besides sig-
nals from BaSiy, traces of 3-FeSiy are also captured [23]. The origin of Fe can be from
contamination in targets or deposition environments.

Despite being annealed in vacuo, samples still experience surface oxidation owing
to vacuum contaminations, i.e., residual O, and CO, [22, 24]. It results in surface het-
erogeneity of samples, as depicted by optical microscopic images in Figure 7.2. Raman
spectra collected from different positions indicated in Figure 7.2 are presented in Figure
7.3. In a good agreement with XRD results, Raman spectra also reveal the mixed compo-
sition of samples. Along with the typical BaSi, Raman peaks, namely F; (~276 cm™), Eg
(~293 cm™), Eg+Fg (~355 cm™), Fy (~376 cm ™), and Ag (~486 cm™!), peaks of §-FeSi,
at 247 cm~! and Si nanocrystals (NCs) at 519 cm ™! are observed as well [25-27].

In BaSi,/Si-0, positions (-3, 7) and (0, 0), which hold different appearances (see Fig-
ure 7.2a), present the same Raman spectra shape, consisting of strong signals from BaSi,
B-FeSiy, and a week peak of Si NCs, as shown in Figure 7.3a. By introducing Si layers,
BaSi,/Si-10 and -20 present sharper color contrast in microscopic images displayed in
Figure 7.2b and 7.2c, respectively. Such contrast is also reflected by Raman spectra. As
shown in Figure 7.3c and 7.3d, position (-5, —2) of BaSi,/Si-10 shows a spectrum with-
out an obvious Si-NCs peak, while the spectrum of position (-2, 2) at BaSi,/Si-20 sur-
face does not contain the peak of §-FeSi,. Further increasing ds; to 50 nm, BaSi,/Si-50
exhibits a lower color contrast of the surface (see Figure 7.2d). And different positions at
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Figure 7.1: XRD patterns of Si/BaSi»/Si samples. Typical peaks from BaSi, and §-FeSi, are marked.

the surface possess the same Raman spectrum shape, which contains a stronger Si-NCs
peak but without the B-FeSi, peak compared to that of BaSi,/Si-0.

Raman micro-spectroscopic mapping is carried out at the areas indicated in Figure
7.2, to analyze the surface heterogeneity of samples. Intensities of the characteristic vi-
brational peaks from BaSiy (Ag, ~486 cm™ Y, B-FeSiy (~247 cm™b), and Si NCs (~519
cm™!) are extracted from the fitted spectra. Figure 7.4 visualizes their spatial dependen-
cies in the format of pixel-based images.

As shown in Figure 7.4, Raman peak intensity maps are consistent, as expected, with
the color patterns in optical microscopic images (see Figure 7.2). BaSi»/Si-0 presents rel-
atively low peak-intensity difference over the measured area, corresponding to the same
Raman spectrum shape of different positions in Figure 7.3a. Conversely, two distinct ar-
eas, i.e., a Si-rich grain area and a Ba-rich filling area, are shown in maps of BaSi,/Si-10.
The Si-rich area displays strong Si NCs signal as illustrated by the lighter area in Fig-
ure 7.4j, while the Ba-rich area is more yellowish or reddish in Figure 7.4b reflecting the
higher content of BaSi,. Meanwhile, the peak intensity distributions of BaSi, (depicted
by Figure 7.4b) and B-FeSi; (presented in Figure 7.4f) are the reverses of that found for Si
NCs (displayed in Figure 7.4j). Understandably, less Si NCs means more Si atoms would
be bounded with Ba and Fe. Such co-variation of peak intensity between Si NCs with
BaSi, and S-FeSi, is also observed in BaSi,/Si-0 and -20. On the contrary, in BaSi,/Si-
50, the area that presents a stronger intensity of Si NCs also exhibits higher intensities
of BaSi, and f-FeSi,. One can assert that the compositional and structural alteration of
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Figure 7.2: Optical microscopic image of mapping areas from samples (a) BaSi2/Si-0, b) BaSi,/Si-10, c)
BaSiy /Si-20, and d) BaSiy /Si-50.

Si/BaSi,/Si structure is closely tied up to the thickness of the Si layer.

The detailed statistical distributions of Raman peak intensity are shown in Figure
7.5. With the increase of ds;, we note an obvious increase of Si NCs average intensity,
which is understandable given a thicker deposited Si layer. On the other hand, the §-
FeSi, intensity drastically declines, which is almost down to zero in BaSi,/Si-50. Thus,
the thicker Silayer can efficiently suppress the formation of §-FeSi, at the surface region.
It needs to be addressed that ds; does not significantly influence the BaSi, peak intensity.

Figure 7.6 shows backscattered electron composition mode (BEI-Compo) and sec-
ondary electron images (SEI) micrographs of BaSi»/Si-0, -10, and -50. In the BEI-Compo
images, dark areas hold the lower mean atomic number that herein corresponds to the
Si-rich composition with a depth of around 100 nm, which is consistent with the Auger
depth profiles in Figure 7.7. While light areas are Si-depleted and therefore present the
Ba-rich composition. As presented in Figure 7.6a, the surface of BaSi,/Si-10 consists of
Si-rich grain areas and Ba-rich filling areas, which also perfectly coincides with the re-
sults of Raman mapping (see Figure 7.4b and 7.4j). With the increase of ds;, Ba releases
from the prepared structure during annealing, not only in-between the Si-rich grains but
also in their centers, as shown in Figure 7.6b. In Figure 7.6c¢ related to sample BaSi, /Si-50,
Ba is distributed over the majority of the surface.

The Ba diffusion also induced an obvious change of surface morphology. Compared
to the surface of BaSi, /Si-10 (see Figure 7.6d), Ba-rich islands are distributed in the sur-
face of BaSi,/Si-20, illustrated by the light dots in Figure 7.6e. The size of Ba-rich islands
becomes smaller at the surface of BaSi,/Si-50 shown in Figure 7.6f. This also resulted
in different surface roughness. BaSi,/Si-10, BaSi,/Si-20, and BaSi,/Si-50 hold Rq values
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Figure 7.3: Raman spectra of (a) BaSi/Si-0, (b) BaSi,/Si-10, (c) BaSiz/Si-20, and (d) BaSi»/Si-50. Raman spec-
tra were collected from different areas at the surface of samples.

of 38.27 nm, 167.5 nm, and 52.08 nm, respectively. The wide distribution of small-size
Ba-rich islands at BaSi»/Si-50 surface decreases its surface roughness compared to that
of BaSi,/Si-20.

Figure 7.7a and 7.7b depict the Auger electron spectroscopy (AES) compositional
depth profiles of the Ba-rich and Si-rich areas from BaSi,/Si-10 presented in Figure 7.6a,
respectively. A surface oxide layer, majorly composed of BaO and SiO-, can be noticed in
both two areas. Differently, a Si layer that is buried under the oxide layer, here denoted
as sup-Si, can be observed in Figure 7.7b. The presence of the sup-Si layer leads to the
Si-rich composition of that area. Additionally, the Si-rich area presents a thinner surface
oxide layer compared to that of the Ba-rich area. This is related to the existence of the
sup-Si layer that hinders the growth of the oxide layer.

Indeed, the surface oxide layer thickness decreases with the increase of ds;, which is
reasonable given the thicker sup-Si layer resulting from the growing supply of Si atoms.
Eventually, BaSi,/Si-50 exhibits an extremely thin surface oxide layer (less than10-nm
thick), as presented in Figure 7.7d. Thicker deposited Si layer can effectively alleviate
surface oxidation of the Si/BaSi,/Si structure. Owing to the rough surface morphology,
it is difficult to carry out AES analysis at different areas of samples BaSi»/Si-20 and -50
shown in Figure 7.6. The analyzed areas of them are displayed in Figure 7.8.

Looking deeply into the Si(-Si) profile in Figure 7.7d, one can notice a Si(-Si) con-
centration dip at the depth of around 50 nm. This dip corresponds to a concentration
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Figure 7.4: Raman mapping of peak intensity distributions of a-d) the strongest vibrational band of BaSi, Ag
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bar labeled with peak intensity in arbitrary unit. The Raman map pixel size is 1 x 1 um?.

increase of BaO. Thus, the surface region is consequently divided into a double-Si-layers
structure by the BaO layer. Moreover, Ba(-Si), as an indicator of BaSi, existence, can also
be detected within the sup-Si layer. The formation of BaSi, and BaO in the sup-Si layer
can result from the Ba diffusion, which is in great agreement with the Ba-release phe-
nomenon revealed by SEM micrographs presented in Figure 7.6. On the other side of
the Si/BaSi,/Si sandwich structure, Ba atoms also penetrate through the bottom Si layer,
denoted as sub-Si, and even diffuse into the poly-Si substrate. Such phenomena of Ba
diffusion into the substrate layer are observed in all samples. Interestingly, the shapes
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Figure 7.5: Statistical results of Raman intensities of peaks of (a) -FeSiz, (b) Ag from BaSi, and (c) Si NCs.

of elemental profiles, including Si(-Ba), Ba, Si(-Si) in the sample BaSi,/Si-50, indicate
an overall similarity of structural transformation between sup-Si/BaSi, and BaSi,/sub-
Si interfaces. This reasonably stands for the effectiveness of the thicker sup-Si layer for
oxygen exclusion in the BaSi, surface region.

Apart from hetero-interface, BaSi, bulk from all samples displays a good stoichiome-
try of Ba/Si = 1/2. Note that oxygen atoms are incorporated with BaSi, in all samples with
an atomic concentration of around 10%. According to our previous study, oxygen here is
originated from the sputtering process, as it can be detected in as-deposited samples as
well (see Figure 4.7).

Elemental distributions of impurities, including Fe, N, and C, are profiled in Figure
7.10. In the as-deposited sample, impurities of only Fe and N are detected. Fe, in the
form of B-FeSiy, is uniformly distributed throughout the BaSi, bulk with an atomic con-
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Figure 7.9: Elemental depth profiles of impurities, including C, N, and Fe, of (a) as-deposited BaSi,/Si-10, and
annealed samples of (b) BaSi»/Si-0, (c) Ba-rich area in BaSi»/Si-10, (d) Si-rich area in BaSi»/Si-10, (e) BaSiz/Si-
20, and (f) BaSi/Si-50.

centration of ~4%. It suggests that Fe is likely from the BaSi, target. While N is only
detected in the Si layer. It is hard to speculate its origin from either the Si target or vac-
uum contamination. On the other hand, C is mainly noticed in the very surface region of
samples, which can be a consequence of the reactions between Ba and CO» from the an-
nealing atmosphere plus the very thin surface contamination of hydrocarbons present
in whichever sample.

Cross-sectional scanning transmission electron microscopy (STEM) results are shown
in Figure 7.11. The BaSi, crystallite in BaSi,/Si-20, as shown in Figure 7.11a, is deter-
mined to be orthorhombic (Powder diffraction file, PDE number 98 009 4260) by the
evaluation of the relevant Fast Fourier Transform (FFT) pattern. The bright-field (BF)
STEM micrograph of the BaSi, layer shown in Figure 7.11b, associated with its corre-
sponding Energy-dispersive X-ray spectroscopy (EDS) analyses reported in Figure 7.11c-
7.11f, confirms the compositional state consisting of BaSi, BaO, -FeSi,, Si-NCs, as well
as amorphous Si (a-Si).

The BaSi, /sub-Si/poly-Si interfacial structure of BaSi»/Si-20 is shown in Figure 7.11g.
The 20-nm sub-Si layer can be noticed, which majorly presents an amorphous state with
limited crystalline phases. The brightness contrast of the sub-Si layer suggests the exis-
tence of heavier atoms likely Ba Owing to its diffusion into the Si layer. Figure 7.11h is
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Figure 7.10: AES elemental depth profile of as-deposited BaSiy /Si-10.

a high-resolution TEM (HRTEM) image of BaSiy crystallite. The BaSi, crystallite size is
about 85 nm. Here, BaSi, is orthorhombic as well. Figure 7.11i further presents a mix-
ture of crystalline BaSi, grains and amorphous phases. The 101 planes of orthorhombic
BaSi, with a space of 0.7 nm is shown.

The overall cross-sectional layer structure of BaSi»/Si-50 is depicted by Figure 7.11j
and 7.11k. From the top down, sup-Si, BaSi,, and sub-Si layers can be identified. BF
and High-angle Annular Dark-field (HAADF) STEM images shown in Figure 7.11j and
7.11k, together with EDS maps presented in Figure 7.111-7.11n, confirm the layer struc-
ture shown in Figure 7.7d. The Ba penetration into both sup- and sub-Si layers is revealed
by Ba distribution in Figure 7.11], owing to which Ba-depleted areas form the interfacial
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Figure 7.11: (a) BF-STEM micrograph of BaSi,/Si-0 with the corresponding FFT pattern. (b) BE-STEM micro-
graph of BaSiy layer of BaSi»/Si-0. (c-f) STEM-EDS maps of Ba, Si, O, and Fe, respectively, from the area in b.
(g) BF-STEM micrograph of the interfacial region of the poly-Si/Si/BaSiy of sample BaSi»/Si-20. (h) HR-TEM
micrograph of BaSiy layer in BaSi,/Si-20. Inset is the FFT obtained from the dashed-line boxed area. (i) HR-
TEM micrograph of crystalline BaSiy and the amorphous phase. (j) BF-STEM micrograph, k) HAADF-STEM
micrograph, and corresponding EDS maps of (1) Ba, (m) Si, and (n) O from sample BaSi»/Si-50. (o) BF-STEM
micrograph of BaSi» /Si-50 surface indicated by the boxed area of j, the inset is the HR-STEM micrograph of the
boxed area in o.

regions within the BaSiy layer. In fact, such a Ba-depleted area presents a Si-rich com-
position, in which area isolated Si atoms are partly crystallized as Si NCs. The detailed
surface structure is shown in Figure 7.110. The surface region is separated by a BaO layer
into two layers, corresponding to the double-Si-layers structure in Figure 7.7d. Further
looking into the surface structure, the upper sup-Si layer contains majorly a-Si, while
the lower sup-Si layer rather consists of a-Si and Si-NCs (see the inset in Figure 7.110),
together with B-FeSi, crystallites.

Generally, four mechanisms can be distinguished during the structural and compo-
sitional alteration of Si/BaSi,/Si structures based on the above analyses:
i) Early-stage surface oxidation of deposited-Si layer. Even though the annealing pro-
cess is carried out in a high-vacuum condition, the eventual presence of contaminations,
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for instance, O, and CO,, cannot be ignored. This facilitates the surface oxidation of the
deposited-Silayer. Such Si-layer oxidation occurs at the early stage of the annealing. The
major product of the reaction is SiO,.

ii) Growth of surface oxide layer driven by the Ba diffusion. The further growth of the
oxide layer at the Si surface is determined by the ds;. Considering the high-temperature
condition during the annealing, the effects of Ba diffusion does count. The case of a
thin Si layer, for instance, BaSi»/Si-10, is illustrated in Figure 7.12a. Ba can easily diffuse
through the thin Si layer, given the amorphous state of the deposited Si layer and the
high diffusivity of Ba. A reasonable large amount of Ba atoms reaches the oxide layer
or even the oxide surface. These Ba atoms lead to an oxide layer thickness increase as
well as a compositional alteration from SiO; to an eventual mixture of SiO, and BaO, as
shown in Figure 7.7. Such process follows the reaction paths [22]:

SiOy +2Ba — 2BaO + Si (7.1)
Si+ 0y — SiOy (7.2)
2Ba+ 0, — 2Ba0O (7.3)

@)

Si-rich Ba-rich

a-Si
BaSi,
(as-depo)
a-Si
poly-Si

(b)

a-Si

BaSi,
(as-depo)

a-Si
poly-Si

Figure 7.12: Schematic illustration of the structural variation of Si/BaSi,/Si heterostructure: (a) BaSiy/Si-10
and (b) BaSip/Si-50 after the thermal annealing process.

Eventually, the surface of BaSi,/Si-10, no matter Si-rich or Ba-rich areas, is covered
with a several-tens-to-hundreds-nanometers oxide layer that is composed of BaO and
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SiO,, as shown in Figure 7.7a and 7.7b. Once the oxide layer is thick enough to cut off the
oxygen supply from the annealing environment, the growth rate of oxide decreases, and
the oxide reaches a nearly constant thickness.

If the Siis sufficiently thick that a limited amount of Ba can penetrate through it, then
the most of the mass transport takes place beneath the oxide and is most likely associ-
ated with the Ba movement within the Si layer. This the case of BaSi,/Si-50, visualized in
Figure 7.12b. The oxidation then is confined to the Si surface with a thickness as low as
several nanometers as shown in Figure 7.7d. That limited amount of Ba atoms arrives at
the surface and forms the Ba islands shown in Figure 7.6f.

iii) Depletion of Ba at oxide/BaSi, and Si/BaSi, interfaces. The Ba depletion is caused
by the reactions between oxide and Ba that cause the longitudinal diffusion and/or the
lateral migration of Ba. Due to the extremely low content of O, in the annealing envi-
ronment (p < 10~ Pa), we can expect non-uniform surface oxidation of samples. It also
leads a non-uniform oxide growth towards BaSi, bulk. As discussed above, the thin Si
layer in BaSi, /Si-10 cannot curb the oxide growth into the BaSi, bulk. The non-uniformly
distributed oxide can drag the Ba to migrate laterally due to the reaction described in
Equation 7.1. Such redistribution of Ba atoms enables the formation of Si-rich areas that
are Ba-depleted and the Ba-rich areas that Ba atoms move to. The relatively intensive
surface oxidation of BaSi,/Si-10 brings a high volume of Ba migration, and then results
in obvious Ba-rich and Si-rich areas at its surface as shown in Figure 7.6a. Conversely,
these Ba-rich and Si-rich areas can be hardly distinguished at the surface of BaSi, /Si-50,
presented in Figure 7.6c. Although, STEM images imply the existence of Ba-depleted
regions at Si/BaSi, heterointerfaces in BaSi,/Si-50, as shown in Figure 7.11k and Figure
7.111. The formation of these Ba-depleted regions is related to the native oxide of BaSi,
and poly-Si substrate. This process is similar to the case of BaSi,/Si-10. Differently, the
limited amount of oxide restrains the depletion of Ba. And these Ba-depleted regions
are buried beneath the thick Si layer or the whole Si/BaSi,/Si structure. Thus, there is
no obvious Ba-rich or Si-rich area at the BaSi,/Si-50 surface. Additionally, reactions at
Si/BaSiy heterointerface produce the outcome such as BaO, which is indicated by the
double-Si-layer structure in Figure 7.7d and 7.110.

iv) Siisolation and crystallization. Si atoms are isolated at the BaSi, side of the oxide/BaSi,
and Si/BaSi, interface due to the Ba movement. According to AES and STEM anal-
yses, these Si atoms can either stay amorphous state or form Si crystallites Owing to
the so-called silicide-mediated Si crystallization [28, 29]. This phenomenon is clearer
in BaSi»/Si-50. As shown in Figure 7.11m, an intensive Si signal in the EDS map can be
overserved at the Ba-depleted area. And the HRTEM image in Figure 7.110 further proves
the presence of both amorphous and crystalline Si phases. The formation of the amor-
phous phase is understandable given the original nature of as-deposited BaSi,. Before
being crystallized, part of Ba diffuses out and leave the amorphous state Si. In the path
of propagating to the surface layer, Ba passes by the amorphous state Si and can form
BaSi, crystallites. Yet, Ba can still diffuse out of BaSi, lattice and leads the formation of
Si crystallites, which is similar to the nickel-silicide-mediated Si crystallization [28]. To
examine it, samples with a structure of 20-nm Si/20-nm BaSi,, 20-nm BaSi,, and 20-nm
Si are annealed at the same condition (600 °C for 30 min). As proven by the Raman spec-
tra in Figure 7.13, only samples endowed BaSi, exhibit the peak of Si NCs at ~519 cm ™.
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And the strongest Si NCs peak, as expected, is shown in the spectrum of sample Si (20
nm)/BaSi, (20 nm). Isolation and crystallization of Si result in both sup- and sub-Si lay-
ers composed of a-Si and Si-NCs in BaSi,/Si-50, presented in Figure 7.12b. Similarly, Si
NCs forms at Si-rich are at the surface of BaSi,/Si-10 illustrated in Figure 7.12a.
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Figure 7.13: Raman spectra of the 20-nm Si layer, 20-nm BaSi» layer, and 20-nm Si/20-nm BaSiy. All samples
were annealed at 600 °C for 30 min.

Accordingly, the complex multi-layer structures of Si/BaSi,/Si samples revealed by
previous structural and compositional characterizations are obtained after annealing,
which is depicted in Figure 7.12. Such a multi-layer system enables further interface
engineering of BaSi,, because the BaSi, bulk in BaSi»/Si-50 is completely protected by
the Silayers even at the high-temperature condition.

7.3.2. Electrical and optical properties

Wavelength-based absorptance curves are displayed in Figure 7.14, which are derived
from reflectance and transmittance curves, presented in Figure 7.15. The thickness of
Si does not make a significant difference in the absorptance of samples. A clear absorp-
tion edge near the reported bandgap energy of BaSi, (1.25 to 1.35 eV) can be observed
in the absorptance curve of all samples. The high absorptance around 90% at near-UV
and visible spectral windows can be noticed with all Si/BaSi»/Si samples, suggesting it
as a good light-absorber candidate for photovoltaic applications. Absorption tails can
also be noticed at the near-infrared (NIR) range, which can result from the remaining
metallic and defective phases within the film. The sputtered Si/BaSi,/Si structures still
present an n-type semiconducting nature indicated by Hall effect measurements. The
n-type conductivity nature of unintentionally-doped BaSi, results from Si vacancies that
act as donors [30]. As shown in Figure 7.16a, the electron concentration (n) varies with
Si layer thickness. Since interfacial reactions of Si/BaSi, /Si heterostructure is depended
on the Si layer thickness, this may alter densities of defect and/or impurities (such as
B-FeSiy, Si-NCs) in the BaSiy, thereby influencing the n. Meanwhile, the wider »n dis-
tribution of BaSi,/Si-20 and -50 can be due to the higher resistivity of the surface layer,
consisting of a-Si and BaO, which leads to a higher measurement inaccuracy. The hall
mobility (uy;) of samples is shown in Figure 7.16b. An enhancement of py; can be no-
ticed by increasing the dg;. The thicker Si layer can suppress the surface oxidation and
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element inter-diffusion, which decreases the concentrations of defects and impurities.
This results in the enhancement of the hall mobility. The temperature dependence of
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transverse electric conductivity (o) at moderate temperatures is measured, as presented
in Figure 7.17a. The lowest conductivity of BaSi,/Si-20 can result from the thicker oxida-
tion layer compared to BaSi,/Si-50, as well as the thicker multi-phase Silayer compared
to BaSi,/Si-10 and -0. The highest conductivity of BaSi,/Si-10 corresponds to its higher
carrier concentration. The conductivity and temperature (7) exhibit an Arrhenius be-
havior,

o =0pexp(—Ea/kT) (7.4)

where k is the Boltzmann constant, o is a pre-exponential factor, and Ej is the charac-
teristic activation energy. E, defines the activation energy of the grain-boundary-limited
conductivity and depends on the donor ionization energy as well as the barrier height
between grains. The relation can be re-written as

In(1/0) = E;/ kT +1In(1/0g) (7.5)

which is also known as the Meyer—Neldel rule [31]. Accordingly, E, can be derived from
In(1/0) vs 1/ kT curves. The fitted In(1/0) versus 1/ kT curves are shown in Figure 7.17b.
And the fitting data are summarised in Table 7.1. All samples present low values of E,.
BaSi,/Si-0, -10 and -50 exhibit the E; of 68.01, 67.26, and 65.87 meV, respectively. While,
BaSi,/Si-20 possesses a slightly higher E, of 105.77 meV. The difference of E, among
samples can result from factors such as defect density, grain size, bulk crystallinity, im-
purities, etc., which need to be further identified.
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Figure 7.17: (a) Temperature-depended electric conductivity at the moderate temperature range. (b)In(1/0)
versus 1/kT curves wherein the plot slope indicates the electron activation energy E,.

Table 7.1: Fitting results for In(1/0) versus 1/kT curves.

Samples E, E, Standard Error o o Standard Error
meV meV [S/cm] [S/cm]
BaSi,/Si-0 68.01 1.17 1.6375 0.0353
BaSi»/Si-10  67.26 1.83 2.9034 0.0546
BaSi,/Si-20  105.77 3.75 2.8818 0.1055

BaSiy/Si-50  65.87 2.43 1.3293 0.0712
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7.4. Conclusions

Our results offer insights into structural and compositional variations of Si/BaSi,/Si ar-
chitectures which may contribute to the development of thin-film BaSi,/Si heterojunc-
tion solar cells. Indeed, high-temperature annealing induces drastic structural and com-
positional variations at BaSi,/Si hetero-interface wherein film oxidation and Ba deple-
tion alter the elemental distributions and chemical combinations. The thickness of the
Si layer influences oxide layer growth, Ba depletion, and multi-phase Si layer formation
at the hetero-interfaces. The outcomes of this work can be extended to BaSi, deposited
by other techniques and lead to implementation in photovoltaic applications. This, in
turn, may open new opportunities and generate substantial advantages in BaSi, devel-
opment, spinning from improvement on material qualities and deployment in thin-film
solar cells.




136 References
References
[1] Y. Tian, A. R. Bento Montes, L. Vanto, M. Caplovicov4, P. Vogrinéi¢, P. Sutta,

(2]

(3]

[4]

(3]

[6]

[7]

(8]

(9l

(10]

(11]

L. Satrapinskyy, M. Zeman, and O. Isabella, Toward BaSi»/Si heterojunction thin-
film solar cells: Insights into heterointerface investigation, barium depletion, and
silicide-mediated silicon crystallization, Advanced Materials Interfaces 7, 2000887
(2020).

M. Kobayashi, K. Morita, and T. Suemasu, Growth and characterization of group-II1
impurity-doped semiconducting BaSi, films grown by molecular beam epitaxy, Thin
Solid Films 515, 8242 (2007).

M. Takeishi, Y. Matsumoto, R. Sasaki, T. Saito, and T. Suemasu, Growth of Al-doped
p-type BaSi, films by molecular beam epitaxy and the effect of high-temperature an-
nealing on their electrical properties, Physics Procedia 11, 27 (2011).

M. A. Khan, M. Takeishi, Y. Matsumoto, T. Saito, and T. Suemasu, Al- and Cu-doped
BasSiy films on Si(111) substrate by molecular beam epitaxy and evaluation of depth
profiles of Al and Cu atoms, Physics Procedia 11, 11 (2011).

K. O. Hara, N. Usami, Y. Hoshi, Y. Shiraki, M. Suzuno, K. Toko, and T. Suemasu,
Structural study of BF» ion implantation and post annealing of BaSiy epitaxial films,
Japanese Journal of Applied Physics 50, 121202 (2011).

M. A. Khan, T. Saito, K. Nakamura, M. Baba, W. Du, K. Toh, K. Toko, and T. Sue-
masu, Electrical characterization and conduction mechanism of impurity-doped
BasSiy films grown on Si(111) by molecular beam epitaxy, Thin Solid Films 522, 95
(2012).

M. A. Khan, K. O. Hara, W. Du, M. Baba, K. Nakamura, M. Suzuno, K. Toko, N. Usami,
and T. Suemasu, In-situ heavily p-type doping of over 10°° cm™3 in semiconduct-
ing BaSi» thin films for solar cells applications, Applied Physics Letters 102, 112107
(2013).

K. O. Hara, N. Usami, M. Baba, K. Toko, and T. Suemasu, N-type doping of BaSi>
epitaxial films by arsenic ion implantation through a dose-dependent carrier gener-
ation mechanism, Thin Solid Films 567, 105 (2014).

K. O. Hara, Y. Hoshi, N. Usami, Y. Shiraki, K. Nakamura, K. Toko, and T. Suemasu,
N-type doping of BaSiy epitaxial films by phosphorus ion implantation and thermal
annealing, Thin Solid Films 557, 90 (2014).

T. Suemasu, Exploring the possibility of semiconducting BaSiy for thin-film solar cell
applications, Japanese Journal of Applied Physics 54, 07JA01 (2015).

Q. Deng, H. Chen, H. Liao, L. Chen, G. Wang, S. Wang, and Y. Shen, Numerical sim-
ulation and optimization of Si/BaSi, heterojunction and BaSi, homojunction solar
cells, Journal of Physics D: Applied Physics 52, 075501 (2018).


http://dx.doi.org/ 10.1002/admi.202000887
http://dx.doi.org/ 10.1002/admi.202000887
http://dx.doi.org/ 10.1016/j.tsf.2007.02.050
http://dx.doi.org/ 10.1016/j.tsf.2007.02.050
http://dx.doi.org/10.1016/j.phpro.2011.01.030
http://dx.doi.org/ 10.1016/j.phpro.2011.01.026
http://dx.doi.org/ 10.1143/jjap.50.121202
http://dx.doi.org/10.1016/j.tsf.2012.09.005
http://dx.doi.org/10.1016/j.tsf.2012.09.005
http://dx.doi.org/10.1063/1.4796142
http://dx.doi.org/10.1063/1.4796142
http://dx.doi.org/10.1016/j.tsf.2014.07.049
http://dx.doi.org/ 10.1016/j.tsf.2013.08.038
http://dx.doi.org/10.7567/jjap.54.07ja01
http://dx.doi.org/ 10.1088/1361-6463/aaf403

References 137

[12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

K. Kodama, R. Takabe, T. Deng, K. Toko, and T. Suemasu, Spectroscopic evi-
dence of photogenerated carrier separation by built-in electric field in Sb-doped n-
BaSiz/B-doped p-BaSi; homojunction diodes, Japanese Journal of Applied Physics
57, 050310 (2018).

K. Kodama, Y. Yamashita, K. Toko, and T. Suemasu, Operation of BaSi, homojunc-
tion solar cells on p* -Si(111) substrates and the effect of structure parameters on their
performance, Applied Physics Express 12, 041005 (2019).

R. A. McKee, E J. Walker, J. R. Conner, and R. Raj, BaSi» and thin film alkaline earth
silicides on silicon, Applied Physics Letters 63, 2818 (1993).

S. Yachi, R. Takabe, H. Takeuchi, K. Toko, and T. Suemasu, Effect of amorphous
si capping layer on the hole transport properties of BaSiy, and improved conversion
efficiency approaching 10% in p-BaSi»/n-Si solar cells, Applied Physics Letters 109,
072103 (2016).

R. Vismara, O. Isabella, and M. Zeman, Back-contacted BaSiy solar cells: An optical
study, Optics Express 25, A402 (2017).

J.-S. Huang, K.-W. Lee, and Y.-H. Tseng, Analysis of the high conversion efficiencies
BaSi» and BaSi, n-i-p thin film solar cells, Journal of Nanomaterials 2014, 1 (2014).

M. A. Green, E. D. Dunlop, J. Hohl-Ebinger, M. Yoshita, N. Kopidakis, and A. W. Ho-
Baillie, Solar cell efficiency tables (version 55), Progress in Photovoltaics: Research
and Applications 28, 3 (2019).

N. A. A. Latiff, T. Yoneyama, T. Shibutami, K. Matsumaru, K. Toko, and T. Suemasu,
Fabrication and characterization of polycrystalline BaSi, by RF sputtering, physica
status solidi (c) 10, 1759 (2013).

T. Yoneyama, A. Okada, M. Suzuno, T. Shibutami, K. Matsumaru, N. Saito,
N. Yoshizawa, K. Toko, and T. Suemasu, Formation of polycrystalline BaSi, films
by radio-frequency magnetron sputtering for thin-film solar cell applications, Thin
Solid Films 534, 116 (2013).

K. O. Hara, Y. Nakagawa, T. Suemasu, and N. Usami, Realization of single-phase
BasSiy films by vacuum evaporation with suitable optical properties and carrier life-
time for solar cell applications, Japanese Journal of Applied Physics 54, 07JE02
(2015).

Y. Tian, R. Vismara, S. Van Doorene, P. Sutta, I’. Vanco, M. Vesely, P. Vogrin&ig, O. Is-
abella, and M. Zeman, Oxidation-induced structure transformation: Thin-film syn-
thesis and interface investigations of barium disilicide toward potential photovoltaic
applications, ACS Applied Energy Materials 1, 3267 (2018).

T. Yoshitake, T. Nagamoto, and K. Nagayama, Microstructure of -FeSiy thin films
prepared by pulsed laser deposition, Thin Solid Films 381, 236 (2001).



http://dx.doi.org/10.7567/jjap.57.050310
http://dx.doi.org/10.7567/jjap.57.050310
http://dx.doi.org/ 10.7567/1882-0786/ab0c4f
http://dx.doi.org/10.1063/1.110297
http://dx.doi.org/10.1063/1.4961309
http://dx.doi.org/10.1063/1.4961309
http://dx.doi.org/10.1364/oe.25.00a402
http://dx.doi.org/10.1155/2014/238291
http://dx.doi.org/10.1002/pip.3228
http://dx.doi.org/10.1002/pip.3228
http://dx.doi.org/ 10.1002/pssc.201300333
http://dx.doi.org/ 10.1002/pssc.201300333
http://dx.doi.org/10.1016/j.tsf.2013.02.003
http://dx.doi.org/10.1016/j.tsf.2013.02.003
http://dx.doi.org/10.7567/jjap.54.07je02
http://dx.doi.org/10.7567/jjap.54.07je02
http://dx.doi.org/10.1021/acsaem.8b00486
http://dx.doi.org/10.1016/s0040-6090(00)01750-8

138

References

(24]

(25]

(26]

(27]

(28]

(29]

[30]

(31]

Y. Tian, A. R. Montes, L. Vanco, O. Isabella, and M. Zeman, Properties of sputtered
BaSiy thin films annealed in vacuum condition, Japanese Journal of Applied Physics
59, SFFA03 (2020).

A. G. Birdwell, R. Glosser, D. N. Leong, and K. P Homewood, Raman investigation
of ion beam synthesized [3-FeSi», Journal of Applied Physics 89, 965 (2001).

G. Faraci, S. Gibilisco, P. Russo, A. R. Pennisi, and S. L. Rosa, Modified raman
confinement model for Si nanocrystals, Physical Review B 73 (2006), 10.1103/phys-
revb.73.033307.

T. Sato, H. Hoshida, R. Takabe, K. Toko, Y. Terai, and T. Suemasu, Detection of local
vibrational modes induced by intrinsic defects in undoped BaSi light absorber layers
using raman spectroscopy, Journal of Applied Physics 124, 025301 (2018).

C. Hayzelden, J. L. Batstone, and R. C. Cammarata, Insitutransmission electron mi-
croscopy studies of silicide-mediated crystallization of amorphous silicon, Applied
Physics Letters 60, 225 (1992).

C.Hayzelden and J. L. Batstone, Silicide formation and silicide-mediated crystalliza-
tion of nickel-implanted amorphous silicon thin films, Journal of Applied Physics
73, 8279 (1993).

R. Takabe, T. Deng, K. Kodama, Y. Yamashita, T. Sato, K. Toko, and T. Suemasu, Im-
pact of Ba to Si deposition rate ratios during molecular beam epitaxy on carrier con-
centration and spectral response of BaSiy epitaxial films, Journal of Applied Physics
123, 045703 (2018).

A. Yelon and B. Movaghar, Microscopic explanation of the compensation (Meyer-
Neldel) rule, Physical Review Letters 65, 618 (1990).


http://dx.doi.org/10.7567/1347-4065/ab5b59
http://dx.doi.org/10.7567/1347-4065/ab5b59
http://dx.doi.org/ 10.1063/1.1326473
http://dx.doi.org/10.1103/physrevb.73.033307
http://dx.doi.org/10.1103/physrevb.73.033307
http://dx.doi.org/10.1063/1.5029320
http://dx.doi.org/10.1063/1.106971
http://dx.doi.org/10.1063/1.106971
http://dx.doi.org/10.1063/1.353446
http://dx.doi.org/10.1063/1.353446
http://dx.doi.org/10.1063/1.4994850
http://dx.doi.org/10.1063/1.4994850
http://dx.doi.org/ 10.1103/physrevlett.65.618

Conclusion

139



140 8. Conclusion

8.1. Conclusion

n this thesis, insights and knowledge of synthesis and characterizations of sputtered

BasSi, films are presented, which can serve as the foundation for the development of
high-quality BaSi, films and efficient BaSi,-based solar cells. As a low-cost thin-film de-
position technique, RF magnetron sputtering is employed for the deposition of BaSi,
films at room-temperature condition. Subsequent post-growth annealing treatments
are applied for the material crystallization. Comprehensive structure, composition, and
properties characterizations have been executed to acquire a deep understanding of
BaSi,. The results and outcomes of this thesis can be concluded as follows:

¢ Deposition of BaSi, thin films.

BaSi, films are deposited by sputtering a stoichiometric BaSi, target at room tem-
perature, as presented in Chapter 4. The substrate-to-target distances dr_g affects
the film thickness uniformity and deposition rate that a larger dr_s enhances the
thickness uniformity while decreases the deposition rate. With dr_g = 135 mm,
the sputtered BaSi, film shows a relative uniform distribution of thickness with a
moderate deposition rate around 6.6 nm/min. According to the AES depth profil-
ing, the as-deposited BaSi, film shows a homogeneous and stoichiometric compo-
sition. However, the as-deposited samples show an amorphous structure. Further
treatments are needed to obtain crystalline films.

¢ Post-growth annealing treatments.
To obtain crystalline BaSi, films, various post-growth annealing methods are ap-
plied, including:

— Annealing in an N, atmosphere under an atmospheric pressure.
Poly-crystalline BaSi, thin films are obtained after the annealing at tempera-
tures over 600 °C in N, atmosphere. The annealed BaSi, films show a multi-
phase composition and an inhomogeneous structure in the depth direction,
as shown in Chapter 4. Besides orthorhombic BaSi,, cubic and hexagonal
phases, as well as other Si-Ba compounds (e.g., BasSiz)are detected in the
annealed films by XRD. Silicon nano-crystals were also observed by Raman
spectroscopy. The AES depth composition profiles and cross-section TEM
images portray a layered structure of the annealed BaSi, film, consisting of
a surface oxide layer, a Si-rich BaSi; layer, and an inter-diffusion layer (the
interfacial region between BaSi, film and the substrate). The thick surface
oxide layer around 200 nm hinders the electrical characterization of the an-
nealed BaSi,f films. These composition and structure features of annealed
BaSi, films originate from surface oxidation and elemental diffusion under
high-temperature conditions. Accordingly, an oxidation-induced structure
transformation mechanism is proposed to interpret the transition from once
homogenous and stoichiometric films to the layered and multi-phase struc-
ture. This theory is not limited to the sputtered films but also can be ex-
tended to epitaxial and evaporated BaSi, thin films that are treated under
high-temperature conditions.
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- Annealing under a vacuum condition.

For the sake of avoiding surface oxidation, the annealing processes of BaSi,
are carried out under a vacuum condition, which is discussed in Chapter 5.
Indeed, employing the vacuum condition can suppress the surface oxidation
to some degree, which reduces the thickness of the oxide layer to ~100 nm
from ~200 nm (in the N, annealing atmosphere). As a result, less elemen-
tal diffusion occurs, and a stoichiometric BaSi, layer can be observed in the
sample. The thinner oxide layer allows the electrical characterizations of an-
nealed BaSi, films which show an n-type conductivity with an electron con-
centration of 7 = 3 x 10!” cm™3. The annealing temperature of 600 °C with a
duration of 30 min is sufficient to promote the BaSi, crystallization in vacuo.

- Face-to-face annealing under a vacuum condition.

In Chapter 6, the so-called face-to-face annealing (FTFA) approach has been
introduced for the post-growth treatment of sputtered BaSi, films for the ma-
terial crystallization and thin-film property improvements from perspectives
of surface homogeneity and crystal quality. In the FTFA approach, two BaSi,
films are placed together, the film surface to the film surface. The FTFA sam-
ple shows an obvious improvement of surface homogeneity depicted by both
optical microscopy and Raman mapping. FTFA method can suppress the for-
mation of silicon nano-crystals and FeSi, according to the disappearances of
their peaks in Raman spectra. By employing various covers for FTFA includ-
ing BaSiy, silicon, and glass, BaSi, films exhibits a transition of conductivity
type from n- to p-type. Impacts of FTFA on BaSi, films originate from two
aspects: i) the confined BaSi, surface annealing condition suppresses the
oxidation and elemental diffusion, and ii) the altered heat-transfer system
tunes the degree of film crystallization as well as the electrical and optical
properties. Based on this research, further improvement of BaSi, film qual-
ity can emerge by the delicate design of the annealing configurations, the
optimization of FTFA parameters, and the comprehensive understanding of
mechanisms of FTFA on film crystallization.

¢ Interface investigations on Si/BaSi,/Si heterostructures.

Interfaces and surfaces are of great significance for the development of efficient
photovoltaic devices. Chapter 7 presents a comprehensive interface investigation
of Si/BaSi,/Si heterostructures, serving as the foundation for the design and real-
ization of BaSi,/Si heterojunction thin-film solar cells. Si/BaSi»/Si heterostruc-
tures are fabricated by sputtering an intrinsic silicon target and a BaSi, target.
By tailoring Si layer thickness (ds;), composition and structure variations of the
Si/BaSi, /Si heterostructures under high-temperature conditions are observed. Ra-
man spectral mapping, SEM, AES, STEM-EDS are applied for structure and com-
position analysis. In the cases of thinner ds; < 20 nm, oxidation at the surface
region leads to an inhomogeneous structure in both lateral and depth directions,
while the Ba diffusion at the bottom side leads to the disappearance of the de-
posited Si layer. The thicker Si layer (ds; > 20 nm) can effectively suppress the
surface oxidation and Ba diffusion, in which Si layers can be observed at both
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surface and bottom side of Si/BaSi,/Si heterostructures. The process of structure
and composition variations of Si/BaSi»/Si samples consist of the oxidation of de-
posited Si layer, growth of the oxide layer, Ba diffusion and depletion, as well as
Si isolation and crystallization. These interfacial phenomena lead to the complex
structure and composition of Si/BaSi, /Si heterostructures, which need additional
attention for the design and fabrication of BaSi,/Si heterojunction thin-film solar
cells.

Outlook

Results in this work focus on the insights and understanding of the material behavior
of sputtered BaSi, with subsequent high-temperature annealing. We have attempted to
fabricate BaSi, thin-film solar cells on the basis of n-i-p a-Si:H solar cell architectures,
wherein the a-Si:H absorber layer was directly replaced by sputtered BaSi,. Yet we failed
to obtain a working device, which may be caused by

the thick oxide layer hindering carrier transport;

thermal expansion mismatch leading the layer exfoliation;
reactions between BaSi, with other layers, e.g., TCO and SiOy;
the instability of BaSi, in oxidizing or moist environments;
high-volume of defects in the sputtered BaSiy;

insufficient knowledge of sputtered BaSi, electronic and optical properties for cell
architecture designs;

few investigations and research upon materials capable to form junctions with
BaSiy;

lack of effective measures to precisely control the composition and properties of
sputtered BaSi,, etc.

Herein, the future research outlook of the BaSi, for photovoltaics is given from the
perspectives of material research and device development.

8.2.1. Material research
Recommendations of further material-level research on BaSi, are given as follows:

Sputtering process:

— Composition-tunable sputtering process. In this research, a stoichiometric
BaSi, target is applied for the depositions. Based on the research on epitaxial
BaSi, films, the slightly Ba-rich composition benefits the opto-electronic per-
formance of BaSiy [1]. It is challenging to control the Ba/Si ratio of the sput-
tered BaSiy film by using the stoichiometric BaSi, target. To obtain Ba-rich
sputtered films, a method of adding supplementary Ba source on the BaSi,
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target for sputtering has been reported [2]. However, this method can hardly
ensure a precise composition control of deposited films, and may even cause
some irreversible damages of the BaSi, target. Indeed, co-sputtering of Ba
and Si targets may allow the precise composition control of sputtered BaSi,
by adjusting deposition rates of Ba and Si separately. Composition-tunable
sputtered films can definitely broaden the research on sputtered BaSi, and
accelerate the progress of manufacturing high-quality sputtered BaSi, films.

- High-temperature depositions with Ar/H plasma. The passivation effect of
H plasma treatments has been studied with epitaxial BaSi, films [3, 4]. Re-
placing the Ar gas by the Ar/H, mixed gas for sputtering may enable the
material passivation during its growth. Due to the temperature limitation
of the sputtering equipment, we have tried to fabricate BaSi, films by using
the Ar/H, mix gas at room temperature with post-growth annealing. No ob-
vious property improvement or composition change can be observed with
the samples. This may be caused by the H emission during the annealing
process. Methods such as sputtering deposition with heated substrates or
post-growth annealing in the H, atmosphere may help.

— Flexible substrates. Sputtering enables thin-film deposition on various sub-
strates. Substrates including glass, quartz, and silicon wafers have been used
in this work. The possibility of BaSi, deposition on flexible substrates re-
mains to be explored. Given the high-temperature conditions required for
film crystallization, metal foils can be regarded as good candidates as flexi-
ble substrates. The possible reactions between the metal foils and BaSi; as
well as their thermal expansion difference need to be considered and inves-
tigated.

e Material properties

- Optical properties. Sputtered BaSi, films show a complexlayer structure due m
to the surface oxidation. This increases the difficulty for optical characteri-
zations of BaSi,, such as determinations of refractive index n, and extinction
coefficient k, and absorption coefficient a. Efforts are still needed to extract
these parameters of sputtered BaSi; films from optical characterizations such
as spectroscopic ellipsometry and UV-vis-NIR spectroscopy.

— Impurity elements. Major impurity elements in sputtered BaSi, include O,
Fe, N, and C. Among them, O, N, and C can originate from residual air in the
deposition, while the Fe may come from the target or sputtering apparatuses.
Further research is needed to determine the origin of these impurities. Be-
sides, a deeper understanding of their impacts on film properties is essential
to improve the film quality.

- Defects. It is of great importance to identify the defects in BaSi, films. Vari-
ous techniques can be used for the defect study of BaSiy, including deep-level
transient spectroscopy (DLTS), positron annihilation spectroscopy (PAS), elec-
tron paramagnetic resonance spectroscopy (EPR), etc. Theoretical research
on defects is also important for BaSi, development, such as the calculation
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research on point defects and defect complexes (the combination of two-
point defects) [5].

¢ Wet and dry etching

Etching is critically important for device fabrication, and useful for understand-
ing BaSi, properties. For instance, after removing the surface oxide layer of sput-
tered BaSi, by etching, we may be able to accurately determine the optical and
electronic properties of the material. Both wet and dry etching methods can be
applied. There are some concerns about the research of etching methods:

— Wetetching. Finding suitable etchants for a controllable process is crucial for
wet etching. According to our processing experience, both as-deposited and
annealed BaSi, show high reactivity with water and acid. Hence, applications
of aqueous solutions as etchants need to be carefully considered.

— Dry etching. We attempted to remove the surface layer of sputtered BaSi, by
reactive ion etching with chlorine plasma, which resulted in the formation
of a high-resistivity surface of the etched sample. Hence, it is also crucial to
choose suitable plasma etchants for BaSi, films.

¢ Chemical properties of BaSi,. Currently, most researches of BaSi, focus more on
the physical properties of BaSi, films. It is important to understand the chemical
properties of BaSi, films. In this research, various chemical reactions are involved
in the manufacturing of BaSi, films, e.g., oxidation (both during and after deposi-
tions), Ba depletion, silicon isolation, etc. However, these reactions are our spec-
ulation based on the film composition analysis. To obtain high-quality thin-film
BaSiy, it is important to get a deeper understanding of these chemical variations
through simulation and/or experimental methods. Meanwhile, the instability of
BaSi, in a moist or oxidizing environment is crucial for its deployment in practical
applications, about which no systematic research has been carried out. A com-
prehensive understanding of BaSi, from both physical and chemical aspects can
definitely accelerate the development of the material.

8.2.2. Device development

To date, no efficient solar cell that uses BaSi; as the absorber material has been reported.
It is crucial to understand the factors that hinders the fabrication of efficient BaSi,-based
solar cells. If we limit the scope to the sputtered BaSi,, one of the key factors is the ma-
terial quality. Obtaining PV-grade BaSiy-based films is the first step towards the efficient
solar cells, which can stem from two aspects: i) the definition of “PV-grade” for BaSi,,
and ii) the approach to achieve it.

This preliminary research on sputtered BaSi; is driven by the considerations upon
depositions and post-growth treatments to understand material properties and to iden-
tify the challenges for the material development. To accelerate the progress of sputtered
BaSi, towards PV applications, we need to get a clear definition of "high quality" and/or
"PV-grade" for BaSi, films, on the basis of requirements of designed solar cell structures,
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current research results on material properties, and limitations of manufacturing pro-
cesses. A better understanding of the gap between the fabricated materials and device-
required materials is of great significance for the development of BaSi,-based solar cells.

Besides, there are some general recommendations on the BaSi, solar cell develop-
ment, which is not limited to sputtered films:

e Selections of suitable materials for forming the junction with BaSi,. The high
reactivity of BaSi,, as well as its material-synthesis conditions (e.g., high temper-
ature) make it challenging to find suitable candidate materials. Well-performed
junctions are the basics of solar cell fabrications and optimizations.

* Controllable doping process of BaSi,. Controllable doping process of BaSi, films
deposited by MBE has been reported. It is necessary to develop the doping process
for BaSi, films deposited by low-cost techniques such as sputtering and thermal
evaporation. Doped-BaSi, expands the possibility of solar cell architecture design.

Studies in solar cell structure design, interface engineering, light management, de-
vice stability, etc., are also of great importance. All of these are on the basis of a compre-
hensive understanding of the material. It is still a long way off from high-performance
BaSiz-based solar cells. This work sheds some light on the development of sputtered
BasSi, films. Consistent efforts are needed for the goal of low-cost and high-efficiency
BaSi,-based thin-film solar cells.
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