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Abstract

The climate change observed in the last few years encouraged the development
of fossil fuel-free energies, such as photovoltaic (PV) and wind power. However,
the diffusion of PV is still limited by the high manufacturing cost and low energy
conversion efficiency of PV cells and modules. A strategy to overcome this issue
is the fabrication of PV cells using kerf-loss-free wafers that are thinner than
the one currently commercialized. In this way, a significant amount of silicon
can be saved, decreasing the cost and increasing the efficiency of PV module.

The implementation of thin wafers into standard solar cell (and module)
manufacturing flow is challenging: thin wafers break more easily than thick
wafers, and an increased breakage rate can lower considerably the manufacturing
yield. An answer to this problem is provided by the interdigitated interconnected
(i2)-module proposed by IMEC. The i2-module is an amorphous/crystalline
silicon heterojunction interdigitated back-contact (a-Si:H/c-SI HJ i-BC) module
fabricated on thin (40 μm) wafers while bonded to thick (0.7-3 mm) substrates.
Specifically, the frontside of the i2-module cell is processed a cell level while
the rear side of the wafer is bonded to a silicon substrate by means of a porous
silicon layer. The rear side of the i2-module cell is processed at module-level
while the wafer is already partially encapsulated in the module glass by means
of a silicone-based adhesive. In this way, the thin wafers are mechanically
supported during manufacturing: the dependency of the breakage rate on the
wafer thickness is eliminated. In the i2-module, the rear side of the cell(s) is
processed monolithically on wafers / silicone / glass stacks. The introduction
of the glass and silicone at an early stage of the manufacturing process, i.e.,
prior to rear side processing, imposes constraints to the fabrication flow.

In the current thesis, the constraints imposed by the glass and silicone on
the process of module-level amorphous silicon (a-Si:H) surface passivation are
investigated. The a-Si:H passivation process includes the steps of wet cleaning
and a-Si:H Plasma Enhanced Vapor Deposition (PECVD), and the interactions
between the glass and silicone with these two steps are investigated separately.
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Equally, the impact of these interactions on the passivation performances are
studied.

The presence of glass during wet cleaning does not influence significantly the
passivation process. Conversely, the presence of glass during a-Si:H PECVD
causes a shift in wafer temperature and electric potential. These two effects
can be easily eliminated by modification of the PECVD parameters, obtaining
passivation quality similar or, potentially, superior to the one obtained on
freestanding wafers. The presence of silicone during the passivation process
leads to multiple effects, and these are: 1) silicone-based contamination of the
wafer surface during wafer bonding; 2) challenging wet cleaning of the bonded
wafer and 3) thermal- and plasma-induced silicone degradations during a-Si:H
PECVD. As a result of these effects, the quality of the a-Si:H surface passivation
in presence of silicone is compromised. Thus, silicone treatments after bonding
and before wet cleaning and a-Si:H PECVD are investigated in order to remove
the silicone-based contamination and increase silicone resilience to thermal- and
plasma- induced degradation. These treatments are: 1) an additional outgassing
of the wafer / silicone / glass stack during the bonding step, whose temperature
and time are adjusted to the geometry of the sample and to the subsequent
thermal steps; 2) an O2 or Ar plasmas performed in a Reactive Ion Etching
(RIE) reactor in order to increase the silicone resilience toward processing and
3) a wet cleaning sequence able to remove the surface contamination of the
wafer without attacking the silicone. As a consequence of these treatments,
the interactions between the glass, the silicone and the passivation process
are eliminated and excellent passivation comparable to the one obtained on
freestanding wafers are measured on wafer / silicone / glass stacks (surface
recombination velocities below 3 cm/s). Furthermore, an i2-module proof-of-
concept (POF) using thick (180 μm) wafers is fabricated and the performances
of the freestanding and bonded POFs are compared. Comparable averages Vocs
of approximately 660±10 mV are obtained on the freestanding and bonded
POFs, confirming at device level the excellent passivation measured on test
structures.



Benopkte samenvatting

De klimaatverandering die de laatste jaren wordt waargenomen heeft de
ontwikkeling gestimuleerd van niet-fossiele energiebronnen, zoals bijvoorbeeld
fotovoltaische- (PV) en windenergie. De doorbraak van PV wordt echter nog
steeds vertraagd door hoge productiekosten en lage energie conversie efficienties
van PV cellen en modules. Een strategie om dit probleem op te lossen is de
fabricage van zonnecellen op wafers die gemaakt worden zonder zaagverlies, en
die dunner zijn dan de wafers die momenteel worden gebruikt. Op deze manier
kan belangrijk worden bespaard op het verbruik van silicium, waarmee de kost
zal afnemen en de efficientie van PV modules zal toenemen.

Het gebruiken van dunne wafers in een standaard fabricageproces voor
zonnecellen (en modules) is een uitdaging: dunne wafers breken gemakkelijker
dan dikke wafers, en een toename van het aantal breuken kan de opbrengst
van het proces aanzienlijk verminderen. Een antwoord op dit probleem is de
interdigitated interconnected (i2) module zoals voorgesteld door IMEC. De
i2-module is een amorf/kristallijn silicium heterojunctie interdigitated back-
contact (a-Si:H/c-Si HJ i-BC) module, gefabriceerd op dunne (40 µm) wafers die
vastgehecht zijn op dikke (0.7-3 mm) substraten. Concreet wordt de voorkant
van de i2-module zonnecel gemaakt op cel niveau, terwijl de achterkant van de
wafer vastzit aan een silicium substraat door middel van een poreuze silicium
laag. De achterkant van de i2-module zonnecel wordt gemaakt op module
niveau terwijl de voorkant reeds is vastgehecht aan het module glas door middel
van een silicone-gebaseerd hechtingsmiddel. Op deze manier worden de dunne
wafers mechanisch ondersteund gedurende fabricage: de afhankelijkheid van
wafer breuk van de wafer dikte is geelimineerd. In de i2-module wordt de
achterzijde van de zonnecel monolithisch gefabriceerd op een wafer/silicone/glas
laagstructuur. De introductie van glas en silicone op een vroeg moment in het
fabricage proces, dat wil zeggen voordat de achterkant wordt gemaakt, legt een
aantal voorwaarden op aan het fabricage proces.

In deze thesis onderzoeken we de voorwaarden die worden opgelegd door het
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glas en de silicone op het proces van oppervlakte passivatie op module niveau
door amorf silicium (a-Si:H). De a-Si:H passivatie omvat de stappen van nat-
chemische reiniging en a-Si:H depositie door middel van Plasma Enhanced
Vapor Deposition (PECVD). De interacties tussen glas, silicone en deze twee
stappen worden systematisch onderzocht, en de invloed van deze interacties op
de kwaliteit van passivatie wordt bestudeerd.

De aanwezigheid van glas tijdens nat-chemische reiniging beinvloedt het
passivatie proces niet significant. Aan de andere kant, de aanwezigheid van
glas tijdens a-Si:H PECVD veroorzaakt een verschuiving in wafer temperatuur
en elektrische potentiaal. Deze twee effecten kunnen gemakkelijk geelimineerd
worden door een aanpassing van de PECVD parameters, waardoor een passivatie
verkregen wordt die gelijkaardig is aan, of mogelijk beter dan, de passivatie die
op vrijstaande wafers wordt verkregen. De aanwezigheid van silicone tijdens
het passivatie proces heeft een aantal effecten, namelijk: 1) verontreiniging,
afkomstig van silicone, van het wafer oppervlak tijdens het vasthechten; 2)
beperkingen van nat-chemische reinigingsmethoden na het vasthechten van de
wafer; 3) degradatie van de silicone tijdens a-Si:H PECVD veroorzaakt door
de hoge temperatuur en door het plasma. Als gevolg van deze effecten wordt
de kwaliteit van de a-Si:H oppervlakte passivatie in gevaar gebracht. Daarom
worden behandelingen van de silicone na vasthechting en voor nat-chemische
reiniging en a-Si:H PECVD onderzocht, met als doel de verontreiniging te
verwijderen en de weerbaarheid van silicone te verbeteren tegen temperatuur- en
plasma geinduceerde degradatie. Deze behandelingen zijn: 1) een bijkomende
uitgassing van de wafer/silicone/glas laagstructuur tijdens het vasthechten,
waarbij temperatuur en duur worden aangepast aan de geometrie van het object
en aan de temperatuur van de navolgende processtappen; 2) een O2 of Ar
plasma uitgevoerd in een Reactive Ion Etching (RIE) reactor, met als doel
de weerbaarheid van de silicone tijdens celfabricage te verbeteren; 3) een nat-
chemische reiniging die de oppervlakte contaminatie van de wafer verwijdert
zonder de silicone aan te tasten. Als een gevolg van deze behandelingen, worden
de interacties tussen glas, silicone en het passivatie proces geelimineerd en
wordt een uitstekende passivatie verkregen op wafer/silicone/glas laagstructuren,
vergelijkbaar met de passivatie die verkregen wordt op vrijstaande wafers
(oppervlakte recombinatie snelheden lager dan 3 cm/s). Bovendien werden i2-
module testcellen met dikke (180 µm) wafers gefabriceerd, en de performanties
van de vrijstaande en vastgehechte testcellen werden vergeleken. Vergelijkbare
open klemspanningen (Voc) van ca. 660±10 mV werden verkregen op vrijstaande
en vastgehechte testcellen, waarmee de uitstekende passivatie die gemeten werd
op test structuren ook werd aangetoond op device niveau.
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Chapter 1

Introduction

1.1 Solar Energy for a renewable future

1.1.1 The need for renewable energy

Climate change is a fact [1]. Several phenomena that occurred in the last decades
demonstrate a steady increase of the atmospheric and ocean temperature [1].
The temperature rise is generated by an enhanced greenhouse effect and related
to an excessive atmospheric concentration of greenhouses gases, in particular
carbon dioxide CO2. According to the Intergovernmental Panel on Climate
Change (IPCC) the overabundance of CO2 is primarily attributed to large fossil
fuel emission generated by an industrial society [1]. Indeed, fossil fuels are the
main source for energy production and consumption in society, with coal, oil
and natural gas covering 67% of global production [2].

The effects of climate change on the global ecosystem and, subsequently, on
human beings, are frightening: severe reductions in plant and animal life
expectancies have already been observed [3], while human life is predicted to
become more and more exposed to natural disaster such as flooding, wildfires
and heat waves [1].

Considering these data, fossil fuel emission needs to be eliminated (or at least
reduced) to afford a sustainable future for society and the planet. Three trends
can help to reduce the emission: 1) a decrease in human population, 2) a
decrease in energy consumption or 3) a decrease in fossil fuel use. Due to the
increasing population rate [4], the first option is clearly utopian. Fortunately,
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the use of energy saving strategies (second option) and the shift of energy
production from fossil-fuel based to fossil fuel-free (third option) should lead to
a significant reduction of greenhouse emission.

While energy saving strategies can be enforced by the implementation of “smart”
solutions into the electricity grid [5], a fossil fuel-free paradigm can be established
by massive use of energy sources at low life cycle greenhouses gas emission.
Two fossil fuel-free technologies satisfy this requirement: nuclear fission and
renewables [6]. Nuclear fission is a nuclear reaction in which a heavy nucleus
(such as uranium) splits into two lighter nuclei assisted by high-energy radiative
emission [7]. Renewable technologies produce energy from sources that are
naturally replenished at a faster rate than they are consumed [8]. Among others,
the most important ones are wind, water, sunlight and biomass. While the use
of nuclear fission remains questionable due to the safety issues of waste storage
and potential disastrous consequences of power plant accidents [9], renewable
energies are not limited by these concerns and hence, are suitable candidates to
limit the impact of the industrial society on climate change.

1.1.2 Solar Energy and penetration into the market

Solar energy, i.e., energy production based on sunlight, and in particular
photovoltaics (PV), i.e., direct production of electrical energy from sunlight,
has several intrinsic advantages compared to other renewable energies. First,
sunlight is by far the most abundant inexhaustible power source available [2]:
90 min of sun irradiation on the earth surface is enough to supply the current
yearly human energy consumption. Second, solar energy has the highest global
technical potential [1], i.e., the highest achievable energy generation given
system performances, topographic limitations, environmental, and land-use
constraints [10]. Third, solar energy is also characterized by the fastest learning
rate and the highest energy density by land surface area[2]. Fourth, solar energy
is not geographically constrained and it is also accessible off-grid in remote
areas.

Despite all these advantages PV does not strongly penetrate the energy market.
The penetration is hindered by several economic, institutional and technical
barriers, and only a behavioral change can help remove them [11]. This change
can be triggered by a variety of arguments. A particularly strong argument is
the opportunity to lower the Levelized Cost of Electricity (LCOE in Euro/kWh).
LCOE is the total cost, including capital, fuel, installation, operation and
maintenance, over the total energy produced during the system lifetime [12]. A
system that generates more energy at a lower cost will have a lower LCOE and
be more economically suitable than another one.
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In PV, the LCOE decreases independently either by increasing the system
energy conversion efficiency, i.e., the amount of power generated as a function
of the input sunlight [13], or by increasing the system cost. The system cost is
the sum of the costs of the different components. For instance, in the case of
a monocrystalline silicon (c-Si) PV system, the cost is split into: 30% for PV
modules and inverters, 30% for installation labor, 30% for cables and racking
(all of these scalable elements) and the remaining 10% for fixed costs such as
installation and DC and AC breakers. In turn, the cost of a c-Si PV module
can be split into: wafer cost (52%), cell manufacturing cost (19%) and module
integration cost (29%) (Fig. 1.1) [14] .

Figure 1.1: PV system (left) and module cost (right) in USD/Wp in 2012 [14].

The PV module accounts for approximately 30% of the total cost of a PV
system. For this reason, intervening at the same time on the module efficiency
and on the manufacturing module cost will have a double positive impact on
the LCOE and encourage massive PV penetration into the energy market. This
strategy is not only suitable, but also historically proven: Figure 1.2 shows the
learning curve of silicon (Si) PV [15], i.e., the average selling price of a Si PV
module per watt-peak ( USD / Wp) as a function of the cumulative module
shipments per megawatt peak (MWp). Except for short fluctuations due to
shortage of Si feedstock (2008) and overcapacity (2012), a learning rate trend
of 21.5% is recorded throughout the years [15].

1.1.3 Decrease the LCOE of PV systems

The cost of Si wafers accounts for more than 40% of the PV module cost and
more than 30% of the total system cost. The PV module cost can be reduced
by saving Si, and for this reason, the International Technology Road Map for
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Figure 1.2: Learning curve for module price as a function of cumulative PV
module shipments (Adapted from [15]).

Photovoltaics (ITRPV) foresees a trend toward the use of thinner wafer [15].
ITRPV indicates a shift from wafers with a thickness between 150 µm and
180 µm used today to wafers with a thickness between 25 µm and 125 µm by
2024 (Fig.1.3, left [15]). In addition to the advantages related to the reduced
cost, this trend is also beneficial efficiency-wise: theoretical analysis [16] shows
that higher solar cell efficiencies can be obtained by the use of thinner wafers
for identical surface passivation. This is because of a different effect of the
recombination mechanisms in the silicon bulk as a function of wafer thickness
(Fig.1.3, right [16]). Hence, the use of thinner wafers will have a double positive
impact on LCOE as a result of the reduced cost and increased energy conversion
efficiency.

An effective decrease in LCOE associated with the reduction of wafer thickness
requires the fulfillment of certain technological conditions on the module
manufacturing flow. These conditions are [15]:

• Lower or null Si losses during wafer manufacturing. With current technolo-
gies, between 43% and 50% of Si is lost during wafer manufacturing. These
losses are mainly attributed to the process of wafering, i.e., the slicing
of silicon ingots into wafers performed with the multi-wire saw slurry-
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Figure 1.3: Predicted trend for as-cut wafer thickness range in mass production
(left, adapted from [15]). Theoretical efficiency as a function of wafer thickness
(right, adapted from [16]).

based (MWSS) method [17] . During wafering, a considerable amount
of silicon dust called kerf-loss is produced. Kerf loss is independent on
wafer thickness [17] and, thus, a reduction in wafer thickness does not
correspond to a decrease in kerf-loss per wafer. To lower the material
loss during wafering, improvements in the MWSS method [18] as well
as alternative kerf-loss free wafering techniques are under investigation
[19, 20, 21].

• Constant (or reduced) yield manufacturing loss. The flexibility and
fragility of thin wafers enhance wafer breaking during manufacturing
[15] and increase yield loss. Therefore, innovative handling solutions
suitable for thin wafers during cell and module manufacturing are needed
in order to maintain (or reduce) the yield manufacturing loss.

In addition to these two requirements strictly related to the fabrication of solar
devices on thin wafers, the LCOE can be further decreased by a technologically-
driven efficiency improvement independent of wafer thickness. This efficiency
improvement can take place either by designing innovative cell architectures,
for instance interdigitated back-contact (i-BC) solar cells [22] or by using better
performing technologies, for instance module-level interconnections [23, 24, 25]
and high-transmission frontside encapsulation [26].

As such, the use of thinner wafers, together with innovative cell architectures
and better performing technologies can positively impact the LCOE. More
specifically, a low LCOE can be achieved by two approaches: 1) a material-
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based approach that aims at a more efficient use of Si and 2) a device-based
approach that bring together the development of handling solutions suited
for thin (<100 μm) wafers, the design of high-efficiency cell architectures and
the use of more performing technologies. The work of this thesis is nested
within the second approach and, under this framework, proposes the concept of
module-level processing.

1.2 Module-level processing: merging c-Si and thin
film PV

1.2.1 Thin film Si PV

In the past years, the reduction of silicon consumption has been a strong
driver for the development of thin film PV [27]. Devices based on materials
other than silicon (non-Si), such as Copper Indium Gallium Selenide (CIGS) or
Cadmium Telluride (CdTe) have been developed, and, in certain cases, attained
considerable experimental efficiencies above 20% [28]. However, due to the
novelty of the technology, cost of the materials and safety issues related to their
use, non-Si PV is not widely commercialized [29]. Similarly, thin film devices
based on non-monocrystalline Si also appeared and are defined as thin film
Si PV. In thin film Si PV, the thickness of the PV cell is drastically reduced:
the photoactive material is only a few hundred nanometer-thick in the case
of amorphous silicon (a-Si:H) cells or a few micrometer-thick in the case of
micromorph ( amorphous / microcrystalline, a-Si:H / μc-Si) cells. Thin film Si
PV processing is based on a monolithic approach where all fabrication steps,
i.e., the formation of the photoactive material (Si), the cell structure and the
module interconnections are performed at module level [30]. Si and the other
layers necessary for the formation of the PV device are directly deposited on
the module glass, which is used as a carrier for processing. The module glass
used as a carrier is defined as superstrate, in order to differentiate it from the
module backsheet (substrate). After deposition, the cells are structured and
interconnected by laser scribing (Figure 1.4).

Figure 1.4: Simplified scheme of a thin film Si PV module.
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In the monolithic approach, the device is handled at module level and the
superstrate serves as mechanical support during processing and operation.
Moreover, the device benefits from the economy of scale obtained with large-
area industrial tools developed using the synergies for the flat panel display
technology. Nonetheless, the maximal experimental device efficiency reported
for thin film Si PV is limited to 13.4% [28], i.e., approximately 7% lower than
the one for commercial high-efficiency c-Si PV modules [28]. Furthermore, the
learning curve of thin film Si PV measured over the last 10 years is rather flat
[31], therefore in the future years significant increase in efficiency are difficult
to imagine. Thus, the competitiveness of thin film Si PV on the market is quite
limited.

1.2.2 Thin film crystalline Si PV

In recent years a thin film crystalline Si PV technology appeared, i.e., a
convergence between crystalline Si PV and thin film Si PV. thin film crystalline
Si PV combines the advantages of the two technologies. On the one side, a high
quality crystalline Si device affords excellent and stable conversion efficiency
and compatibility with crystalline Si industrial processes. On the other side,
a monolithic process sequence similar to the one developed for thin film Si
PV modules reduces the material consumption and solves the issues of yield
loss that may derive from the use of thin wafers. thin film crystalline Si PV
modules can be manufactured using either the Crystalline Silicon on Glass
(CSG) approach or the layer-transfer approach.

1.2.2.1 Crystalline Silicon on Glass (CSG)

In the CSG approach the active Si layer is deposited directly on the module
glass (Fig. 1.5). At present, depositing Si on foreign substrates results in
micrometer-size grained material with poor electronic properties, which is not
suitable for high efficiencies. However, better material quality can be obtained
when a Si layer with limited crystallographic quality (i.e., non-hydrogenated
a-Si or μc-Si) is deposited on non-silicon substrate and then recrystallized into a
material referred to as polycrystalline Si (pc-Si, grain size of 0.1-100μm). pc-Si
can be obtained by different methods, e.g., solid phase crystallization (SPC)
[32], aluminum-induced crystallization (AIC) [33], laser-induced crystallization
(LIC) [34] and e-beam crystallization or zone-melt recrystallization [35]. Once
the layer is deposited and recrystallized, the cell is processed monolithically,
with steps of deposition, etching and laser scribing [36].
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The highest energy conversion efficiency reported for CSG cells is 11.7% ,
obtained on LIC pc-Si from the University of New South Wales (UNSW) [37].
This value is in the same range of the ones reported for current thin film Si PV
(11-14% [28]), suggesting similar efficiency limitations.

Figure 1.5: Scheme of the CSG device (Adapted from [36]).

1.2.2.2 Layer Transfer

Thin film crystalline Si PV modules can also be manufactured using the “layer
transfer” approach [38]. The conceptual process flow for this approach can
be described as follows (Fig. 1.6): beginning with thick silicon wafer or ingot
(parent substrate), a few microns at the top of the material are porosified by
means of electrochemical etching [39]. The porous silicon layer (PSI) formed
is used as a seed for the epitaxial growth of a thin (<100 μm) silicon wafer
(foil). After epitaxial growth, the foil is still attached to the parent substrate
and its accessible side is partially processed into a solar cell. The foil is bonded
to a second permanent substrate, e.g.,, the module glass, and detached from
the parent substrate at the depth of the PSI. The other side of the foil is now
accessible and the process steps necessary to complete the PV cell and module
are performed at module-level (module-level processing).

Figure 1.6: Scheme of the layer transfer approach.

Experimental devices based on the layer transfer approach report efficiencies in
the range 17-20% [40, 41], with maximal values of 20.6% [42], i.e., much higher
than the ones reported for other thin film PV technologies. Furthermore, the
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layer transfer approach can also be adapted to other kerf-free wafering methods
reported in the literature, such as SLIM-Cut [43] or the SiGen PolyMax™
process [19]. For these two reasons, the layer transfer approach has high
potential for the development of low-cost high-efficiency thin film c-Si PV.
Nevertheless, the layer transfer approach still presents a series of unsolved
challenges that can be divided into: material challenges related to an efficient
use of silicon, manufacturing challenges related to the handling of thin wafers
during processing and device challenges related to the design of innovative cell
architectures and use of high performing technologies.

1.3 Thesis Focus and Outline

The present thesis attempts to solve some of the manufacturing and device
challenges of the layer transfer approach. Specifically, it focuses on the step
of module-level surface passivation of the bonded foil and investigates the
compatibility of amorphous silicon (a-Si:H) passivation process with the foil /
bonding agent / second permanent substrate stack. The study is motivated
by the fact that surface passivation processes suitable for freestanding wafers,
i.e., without being attached to any substrate, may not be reproducible on
foils/bonding agent/second permanent substrate stacks. This difference is
attributed to the constraints introduced in the flow by the second permanent
substrate and the bonding agent. As such, it is crucial to understand these
constraints and find suitable solutions to achieve state-of-the-art module-level
surface passivation. This is done in the main chapters of this thesis.

Chapter 2 and 3 establish the research framework. Chapter 2 provides the
reader with the background knowledge necessary for understanding the premise
of the thesis. Basic working principles and technologies of solar cells, as well as
the mechanism for a-Si:H surface passivation of c-Si are described. At the same
time, information on the bonding agent used during the investigation is reported.
Chapter 3 reviews different devices based on the layer transfer approach reported
in literature. Furthermore, the layer transfer device developed at IMEC, the
object of the investigation of this thesis, is described in detail. With this
information in hand, the aim of the research is refined and clearly stated.

Chapter 4 outlines the research modus operandi: the test structures, the
processes and the analysis techniques frequently used in the experiments are
reported. Moreover, a preliminary experiment suggesting the issues to be solved
and the approach to the different problems are described.

Chapter 5 through 10 state elaborate on the results of the research. Chapter
5 tackles the first issue encountered in chapter 4, i.e., the negative influence
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of the second permanent substrate on the process of a-Si:H passivation. As
a result of this investigation, recommendations to eliminate this influence are
provided. Chapter 6 and 7 deal with the second issue encountered in chapter
4, i.e., the negative impact of the bonding agent on the process of a-Si:H
passivation during the step of wet cleaning (chapter 6) and a-Si:H deposition
(chapter 7). Chapter 8 provides solutions to this negative impact and Chapter 9
investigates more in detail the most promising solution developed in chapter 8.
Chapter 10 demonstrates the efficacy of the solutions developed in the previous
chapters at device level, with the fabrication of a proof-of-concept simulating
the layer-transfer approach.

Chapter 11 summarizes the result, concludes the work and states possible
research avenues for future work.



Chapter 2

Background Knowledge

This chapter provides the knowledge necessary for understanding the premise of
the thesis. This knowledge is extrapolated from technical literature and concerns
three different subjects: solar cells, amorphous/crystalline heterojunctions
and bonding agents for PV. First, a brief overview of the basic principles
and the technology of solar cells is provided. Second, the properties of the
amorphous/crystalline heterojunction (HJ a-Si:H/c-Si) are detailed, with special
attention to the physics of surface passivation and HJ solar cell technology.
Finally, the characteristics of the bonding agent used to bond the wafer to the
second permanent substrate are described. The correlation between the three
subjects is further explained in Chapter 3 and 4.

2.1 Solar Cells

2.1.1 Basic Principles

2.1.1.1 Double-diode model

A solar cell, or PV cell, is a large area p-n junction designed to convert the energy
of light directly into electricity thanks to the photovoltaic effect [44]. Photons
having an energy higher than the one of the bandgap of the material constituting
the cell are absorbed and generate electron-hole pairs. The photogenerated
carriers absorbed in the photoactive region of the cell (base) are spatially
separated and extracted to an external circuit (Fig. 2.1, left), generating a
voltage (V ) and a photocurrent density (Jph) [44]. Hence, the ideal solar cell

11
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can be described electrically by a working diode (p-n junction) in parallel with
a current generator (Fig. 2.1, right), and mathematically by the so-called
single-diode model of Eq. 2.1 [45]

Figure 2.1: Scheme of the solar cell (left) and corresponding electric circuit for
the single-diode model (right).

J(V ) = J0(exp( qV

nKbT
)− 1)− Jph. (2.1)

In fact, the single-diode model is not sufficient to describe the behavior of a
real solar cell [46] for two reasons. One the one side, the impact of specific
series resistance (rseries) and specific shunt resistance (rshunt) of the electrical
circuit connecting the solar cell has to be taken into account. On the other side,
recombination mechanisms in the space charge region (SCR) of the p-n junction
are present [44], and these need to be modeled by a second diode connected in
parallel with the first one. For these reason, the behavior of the real solar cell
is described by a double-diode model presented in Fig. 2.2 and Eq. 2.2 [46]

Figure 2.2: Electric circuit of the double-diode model describing the behavior
of a real solar cell.
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J(V ) = J01(exp(q(V− | J · rseries |)
n1KbT

)− 1)

+J02(exp(q(V− | J · rseries |)
n2KbT

)− 1) +

+V− | J · rseries |
rshunt

− Jph. (2.2)

2.1.1.2 Characterization

The different parameters of Eq. 2.2 defining the solar cell performances [13, 44]
can be extracted by a combination of three characterization methods, i.e., light
JV, dark JV and Suns-Voc [47]. These three measurements are I-V sweeps
standardized to the solar cell area performed under different conditions: standard
light irradiation (intensity equal to 1000 W/m2 and spectral distribution AM1.5g
[13]) for the light JV, no light irradiation for the dark JV and standard light
irradiation without current flowing for the Suns-Voc. An example of the
measurements obtained by these three technique is represented in Fig. 2.3.

Figure 2.3: Light JV and Suns-Voc (left), Dark JV (right) measurements. The
characteristic parameters extrapolated from the JV curve (left), and the regions
of the dark JV where each component of the two diode model is predominant
(right) are also indicated. To be noticed that the measurements are taken from
different devices and are used only as a matter of example, and the current
density of the Suns-Voccurve is computed after measurement starting from the
value of Jsc measured with Light JV [47] .
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The light JV measurement provides the values of the total amount of
photogenerated current Jph and the maximum voltage V available from a
solar cells. These two values are measured respectively at short circuit (V=0)
and open circuit (J=0) conditions and, for this reason, they are defined as Short
Circuit Current Density (Jsc) and Open Circuit Voltage (Voc) (see Fig. 2.3)
[13]. However, at both these operating points, the power density generated by
the solar cell is zero. Therefore, an additional parameter is defined to evaluate
the maximum power that can be extracted from the solar cell in comparison
with the product of Jsc and Voc. This is the Fill Factor (FF), which is defined
as the ratio of voltage Vmpp and current density Jmpp measured in the light JV
at the maximum power point (mpp) with respect to the product of Voc and Jsc
(Eq. 2.3)

FF = Vmpp · Jmpp

Voc · Jsc
. (2.3)

The energy conversion efficiency (η) of a solar cell can be extrapolated from
these parameters. η is calculated as the ratio of the maximum power produced
by the solar cell (Pmpp) to the power of incident light (Pin) (Eq. 2.4)

η = Pmpp

Pin
= Jmpp · Vmpp

Pin
= Jsc · Voc · FF

Pin
. (2.4)

The value of rshunt can be extracted by the slope of the JV light curve or by
fitting the double-diode model to the dark JV curve at V ≈ 0 [13]. The value of
emitter saturation current (J01), rseries and the ideality factor of the diode (n1 )
can be directly measured by Suns-Voc [47, 48]. J02 and n2 can be measured on
the dark JV curve by fitting the experimental values with the the double-diode
model of equation 2.2 accounting for the rseries, rshunt, J01 and n1 measured
with the other techniques [45]. Furthermore, the contribution of rseries, rshunt
and J02 to the cell power can be determined by comparing the values of FF
measured with the different methods. The contribution of rseries on the FF can
be determined by the difference of the FF measured by Suns-Voc (called pseudo
Fill Factor or pFF) and the FF measured by light JV. The difference between
the pFF and ideal Fill Factor FF0 achievable for a solar cell [49] evaluates the
impact of rshunt and J02 on the FF.

2.1.1.3 Device Losses

The efficiency of solar cells is limited by different losses: general, optical and
recombination losses [13, 44].
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The general losses are related to the characteristics of silicon and cannot be
overcome [44], setting the maximal theoretical energy conversion efficiency of the
silicon solar cell at 29% [50]. The other losses lowers further the experimental
efficiency. At present, the world-record for experimental efficiency is 25.6% [51].

The optical losses are caused by lack of absorption of photons having suitable
energy for electron-hole generation in the photoactive region. The absorption is
hindered by phenomena of light reflection and parasitic absorption (PA) [13].
Light reflection mainly occurs on the front side (FS) of the cell and is due to the
presence of metal grid contacts (optical shading) and refractive index mismatch
between the silicon and the air [13]. PA occurs when the photon is absorbed
outside the photoactive region.

The recombination losses are caused by lack of carrier collection at the
metal contacts, with this phenomena depending on the presence of competing
recombination mechanisms [13]. In a solar cell, the absorbed light generates
electron-hole pairs that remain in excited state for a certain time (minority
carrier lifetime, τ). During this time, the carriers travel a certain distance
(diffusion length, L). If the diffusion length is larger than the distance needed
for the carriers to reach the p-n junction and, thus, the metal contacts, the
carriers are collected. If the diffusion length is smaller than this distance, the
carriers return to the ground state, i.e., they recombine. Different mechanisms
of recombination exist [13], and they are located either in the wafer bulk or on
the wafer surface. Carriers can recombine in the wafer bulk via radiative, Auger
or Shockley-Read-Hall recombination, and on the wafer surface via surface
states [13].

The optical and recombination losses can be reduced by implementing suitable
structures in the solar cell design.

2.1.2 Design

The wide majority of commercial crystalline-silicon c-Si solar cells have a n+ /
p / p+ vertical structure with the metal contacts located on both sides of the
cell (Fig. 2.4, left) [15]. The n+ and the p regions form the emitter and the
base of the p-n junction respectively, while the p+ region is called Back Surface
Field (BSF) and contributes to the reduction of the recombination at the cell
rearside (RS) [52]. In order to reduce the light reflection, the cell frontside
(FS) is textured and covered by a layer of suitable optical refractive index, a
so-called anti-reflection coating (ARC) [53]. Metal contacts are also used to
allow for carrier collection, and their geometry is different in the FS and RS of
the cell: while a metal grid is formed on the cell FS in order to reduce as much
as possible optical shading, the RS is contacted full area. Such cell structure,
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defined as Al-BSF (since Al is the metal used for contacting and BSF formation)
is able to reach an efficiency up to 19.9% [54]. However, the efficiency remains
limited by a series of technological factors, i.e., 1) the recombination losses on
the rear surface due to presence of extended highly-recombining metal/silicon
interface defects [45]; 2) the front shading losses due to presence of the metal
grid [22], and 3) the reduction of bulk minority carrier lifetime (τbulk) upon
illumination (light-induced degradation) related to the p-type material doping
[55].

In order to reduce these losses, a series of advanced technologies have been
implemented in the Al-BSF cell, giving birth to high-efficiency cell designs.

The rear surface recombination losses can be reduced by limiting the area of
the metal/silicon interface: the full area contact is replaced by local contacts
and deposition of a dielectric layer on the remaining RS surface (Fig. 2.4,
middle). At the dielectric/silicon interface, the density of interface states (Dit)
is much lower than the one at the metal/silicon interface. Therefore, the high-
recombining RS area is reduced, and the cell Voc is boosted. Depending on
the method to form the contact and the extension of the BSF region under the
contacts, these cell designs are defined as Passivated Emitter and Rear Cell
(PERC), Passivated Emitter Rear Locally Diffused (PERL), Passivated Emitter
Rear Totally Diffused (PERT) and similar [54, 56, 57, 58, 59]. With the same
idea, a more disruptive technology so-called heterojunction technology (HJ)
[60] and based on complete removal of the high-recombining RS area is also
developed. In HJ, the highly-doped regions are replaced by a thin (<30 nm)
layer of amorphous silicon (a-Si:H) adequately doped deposited on the full area
of the wafer and forming an a-Si:H / c-Si heterojunction (Fig. 2.4, right). More
details on the characteristics of the a-Si:H /c-Si heterojunction are reported in
paragraph 2.2.

Figure 2.4: Scheme of the standard Al-BSF (left), PERC (middle) and HJ solar
cell (right).



A-SI:H /C-SI HETEROJUNCTION 17

The optical shading losses can be reduced by moving all or part of the front
contact grid to the cell RS (Fig. 2.5) [22]. This idea can be applied in three
different designs. The metal wrap through (MWT) design limits the amount of
metal on the FS by formation of metal vias through the wafers for FS carrier
collection [61]. The emitter wrap through (EWT) design eliminates completely
the metal from the FS by creation of emitter vias in the wafer [62]. Finally,
the interdigitated back-contact (i-BC) design removes both metal and emitter
from the cell FS [63]. In an i-BC cell, the contacts, the emitter and BSF are
patterned into interdigitated regions (fingers) on the cell RS. In MWT, EWT
and i-BC designs, the maximum Jsc achievable is significantly higher than the
one recorded for double side contacted cells [28].

Figure 2.5: Scheme of the MWT (left), EWT (middle) and i-BC (right) solar
cells.

Finally, the light-induced degradation can be eliminated by substituting the
p-type base with an n-type base, and avoiding the formation of boron-oxygen
complexes [64]. Furthermore, recent developments of n-type solar cells have
shown the opportunity to work with rearside cell emitter in order to maintain a
process flow similar to the one of standard full BSF solar cells 2.6 [65, 66].

2.2 a-Si:H /c-Si heterojunction

2.2.1 Surface passivation

As mentioned in paragraph 2.1.1.3, recombination via surface states is one
of the mechanisms responsible for recombination losses in solar cells. These
surface states are mainly created as a consequence of the interruption of the
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Figure 2.6: Scheme of a PERC cell fabricated on p-type wafer with a n+ FS
emitter (left) and on n-type wafer with a p+ RS emitter (right).

crystallographic structure of the silicon and formation of dangling bonds [44].
In order to avoid degradation of solar cell performances, these surface states
have to be reduced, and this is done by dangling bonds passivation [44]. The
passivation of dangling bonds can be performed with a variety of materials, i.e.,
silicon oxide (SiOx), silicon nitride (SiNx), aluminum Oxide (AlOx), amorphous
silicon (a-Si:H), with the passivation mechanism depending on the material
used [13]. In the case of intrinsic (un-doped) a-Si:H(i), the passivation is mainly
due a chemical passivation, i.e., to hydrogenation of the silicon dangling bonds
[67] leading to a reduction of the Dit [68]. The efficacy of surface passivation by
a-Si:H(i) is determined by the a-Si:H bulk properties (bandgap and bandgap
tails, presence of voids, bulk density of states Da-Si:H, and so on), in turn
depending on the amount and distribution of hydrogen in the a-Si:H(i) layer
[69, 70, 71]. An a-Si:H layer providing excellent surface passivation is usually
characterized by wide bandgap, dense structure and high hydrogen content
[69], and is deposited under experimental conditions close to the amorphous-
crystalline transition [72]. Because of its excellent passivation performances,
such layer is often defined as being of device or opto-electronic quality.

2.2.2 HJ solar cells

The application of a-Si:H into c-Si solar cells and the birth of the HJ technology
is not only related to the excellent surface passivation provided by the material.
The other properties of a-Si:H that makes it suitable for applications into HJ
solar cells are [60]:

1. Thin-layer deposition. Thin (<30 nm) a-Si:H layers, are able to passivate
the wafer surface while still allowing carrier extraction, similar to the
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Metal-Insulator-Semiconductor (MIS) contact [73]. This characteristic is
particularly interesting when considering the evolution of solar cell design.
The non-patterned RS structure of the Al-BSF has been replaced with
the patterned PERC (PERL, PERT) structure in order to improve the
passivation. The introduction of the patterning step allows for higher
performances, but increase the process complexity. In the case of a-Si:H /
c-Si HJ, passivation can be improved while maintaining an unpatterned
RS, resulting in combination of excellent surface passivation and easy
processing.

2. Tunable doping. The intrinsic a-Si:H is usually deposited by Plasma
Enhanced Chemical Vapor Deposition (PECVD) from a mixture of silane
(SiH4) and Hydrogen (H2) plasma [74]. Doped a-Si:H can be obtained
by adding to the plasma appropriate amounts of diborane (B2H6) and
trimethylborane (TMB) for p-doped layers or phosphine (PH3) for n-
doped layers. In this way, a-Si:H(i), a-Si:H(p) and a-Si:H(n) can be easily
deposited on top of c-Si to form a-Si:H / c-Si emitter/base and BSF/base
HJ, fabricating the emitter / base / BSF structure necessary for the
correct operation of a solar cell (Fig. 2.7).

3. Low deposition temperature (Tdep). The a-Si:H PECVD is usually
performed at temperatures below 250 ◦C, i.e., much lower than the one
used for junction formation in standard c-Si solar cell (>800 ◦C) [75]. This
leads to considerable savings on temperature budget.

Because of these advantages, a-Si:H /c-Si HJ are used for the fabrication of HJ
solar cells. A typical HJ solar cell, together with a simplified band diagram of
the different junctions is plot in Fig. 2.7 [60].

Figure 2.7: Detailed scheme of the HJ solar cell (left) and corresponding band
diagram (right).

The wafers used for HJ are typically n-type, while both emitter and BSF are a
combination of thin intrinsic (<5 nm) and doped (<20 nm) a-Si:H layer, i.e., a-
Si:H(i/p) and a-Si:H(i/n). The intrinsic layer enables perfect surface passivation
of interface defect states, while the doped layer creates the electronic junction.
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This double layer is motivated by the lower passivation quality provided by the
doping layer in comparison with the one of the intrinsic layer [60, 76]. On top of
the frontside FS a-Si:(i/p), an ARC is formed by a Physical Vapor Deposition
(PVD) of Transparent Conductive Oxides (TCO), usually an Indium-Doped Tin
Oxide (ITO) [60]. A conductive material is needed to allow lateral conduction
on the cell front side that cannot occur in the a-Si:H(i/p) emitter because of
its low conductivity. Often, but not always, such a layer is also deposited on
the RS a-Si:H(i/n) in order to improve the RS reflectance [65, 77]. The cell is
contacted using metal fingers on the FS a-Si:H(i/p) and full area contact on
the RS a-Si:H(i/n).

2.3 Silicone bonding agent

The bonding agent selected for this work is a silicone-based adhesive belonging
to the family of polydimethylsiloxanes (PDMS).

2.3.1 Composition of silicones

Silicones can be considered a “molecular hybrid” between glass and organic
polymers. These materials are described by the generic formula R2SiO and
mainly formed by Si-C and Si-O bonds, arranged in very different ways (Fig.
2.8 [78]). If the repeating unit of the material is a Si atom only bonded to
Oxygen atoms (Q-unit), the structure is an inorganic glass (called a Q-type
silicone or silica). If one oxygen atom of the repeating unit is substituted with
an R group (i.e., methyl, ethyl, phenyl, etc.), the monomer takes the name of
T-unit and a resin or silsesquioxane (T-type) material is formed. Finally, if two
oxygen atoms are replaced by organic groups, the unit is called D-unit and a
linear polymer (D-type) silicone is obtained. In the case of the R groups of the
D-type are methyl group (CH3), the material is named polydimethylsiloxane
(PDMS). Silicone chains always end with a Si atom bonded to one oxygen and
three organic groups, i.e., a M-unit (Fig. 2.8).

2.3.2 Synthesis of PDMS

PDMSs are obtained from sand with a three-step synthesis, i.e., chlorosilane
synthesis, chlorosilane hydrolysis and polymerization and polycondensation [79].
The species necessary to the first step are obtained by reduction of sand at high
temperature (Eq. 2.5) and condensation of methanol with hydrochloric acid
into methylchloride (Eq. 2.6).
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Figure 2.8: Repeating unit for Q-type, T-type, D-type, and M-type (end chain)
silicone (from left to right) [78].

SiO2 + 2C −−→ Si + 2CO (2.5)

CH3OH + HCl cat−−→ CH3Cl + H2O (2.6)

In the first step, chlorosilane with different functionalities, i.e., (CH3)xSiCly,
are synthesized following the Rochow Process (Eq. 2.7). The various silanes
are separated by distillation and the dimethyldichlorosilane (CH3)2SiCl2
becomes the monomer for the preparation of polydimethylsiloxanes PDMS
by hydrolysis (Eq. 2.8). PDMS hydrolysis provides a mixture of linear
oligomers, i.e., HO(CH3)2SiO)nH with 20 < n < 50, and cyclic oligomers,
i.e., ((CH3)2SiO)mwith n = 3,4,5,...

xSi + yCH3Cl
cat−−→ z(CH3)2SiCl2 + wCH3SiCl3 + v(CH3)3SiCl (2.7)

z(CH3)2SiCl2
+H20
−−−→
−HCl

uHO((CH3)2SiO)nH + t((CH3)2SiO)m (2.8)

These oligomers are condensed (linear) or polymerized (cyclic) to give
macromolecules of sufficient length for PDMS applications. Cyclic oligomers
opening and polymerization to form long linear chains is catalyzed by many
acid or base compounds and gives at equilibrium a mixture of cyclic oligomers
and a distribution of polymers (Eq. 2.9). Stable and -OH terminated polymers,
HO((CH3)2SiO)pH, can be isolated after neutralizing and stripping this mixture
of the remaining cyclic oligomers.

t((CH3)2SiO)m + KOH −−→ ((CH3)2SiO)p + KO((CH3)2SiO)qH (2.9)

The condensation of linear oligomers can be catalyzed by many acids or bases
to give long chains by intermolecular condensation of silanols SiOH, according
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to (Eq. 2.10).

HO((CH3)2SiO)nH + HO((CH3)2SiO)sH −−⇀↽−−
−−⇀↽−− HO((CH3)2SiO)(n+s)H + H2O (2.10)

The silicone polymers are easily transformed into three-dimensional networks and
elastomers via crosslinking reactions that allows the formation of chemical bonds
between adjacent chains. This is achieved with three different mechanisms:
radical-induced (Eq. 2.11), condensation (Eq. 2.12) or addition (Eq 2.13)
crosslinking. Radical-induced crosslinking occurs when vinyl group (CH2=CH2)-
rich polymer chains are introduced in a radical-rich environment (Eq. 2.11).
Crosslinking by addition is achieved using vinyl-endblocked polymers and
reacting them with SiH groups carried by functional oligomers in presence of
catalyst (Eq. 2.13).

R· + CH2−−CH−Si−−− −−→ R−CH2−CH·−Si−−−
RCH2−CH·−Si−−−+ CH3−Si−−− −−→ RCH2−CH2−Si−−−+−−−Si−CH2

·

−−−SiCH2
· + CH2−−CH−Si −−→ −−−Si−CH2−CH2−CH·−Si−−−

−−−Si−CH2−CH2−CH·−Si−−−+−−−Si−CH3 −−→
−−→ −−−Si−CH2−CH2−CH2−Si−−−+−−−Si−CH2

·

2−−−Si−CH2
· −−→ −−−Si−CH2−CH2−Si−−− (2.11)

Condensation crosslinking occurs when linear polymers come in contact with
moisture. The polymers that crosslink via this mechanism are prepared with
specific endblockers that avoid other crosslinking reactions during material
storage. Different endblockers can be used, such as ethoxy groups, methoxy
groups or the acetoxy group of (Eq. 2.12). In contact with air, these groups are
hydrolyzed to give silanols, which allow further condensation to occur.

∼OCH3Si(OAc)2
+H20
−−−−−→
−AcOH

∼OCH3SiOAcOH
∼OCH3Si(OAc)2 +∼OCH3SiOAcOH −−−−−→

−AcOH
−−−−−→
−AcOH

∼OCH3SiOAc−O−CH3SiOAcO∼ (2.12)

Crosslinking by addition is achieved using vinyl-endblocked polymers and
reacting them with SiH groups carried by functional oligomers in presence of
catalyst (Eq. 2.13).

∼OCH3SiCH−−CH2 + H−Si−−−
cat−−→ ∼OCH3SiCH2−CH2−Si−−− (2.13)
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2.3.3 Properties of PDMS

The simultaneous presence of organic groups attached to an inorganic backbone
gives silicone a combination of unique properties, depending on the distribution
and the amount of the Si-O and Si-C bonds [26, 78, 80].

PDMSs are particularly suited as a front-side encapsulant for PV modules, i.e.,
the adhesive between the solar cell and the module front-side glass (see Fig.
3.5) [78]. This is primarily due to their high transparency in the UV-Visible
wavelengths, tunable refractive index, excellent tolerance to high optical flux
and excellent thermal and environmental stability. Indeed, PDMSs can be
formulated to a refractive index between 1.38 and 1.58 depending upon the
chemical constituents attached to the silicon atom. Furthermore, due to their
low young modulus and low glass transition temperature (-50 °C) they are very
stress relieving in a wide temperature range. Moreover, when formulated with
appropriate adhesion, they provide the moisture protection needed for multiple
applications [78].

2.3.4 PV-6100

In this thesis, the material used to bond the thin foil to the final module
glass is a PDMS provided by Dow Corning®under the commercial name of
PV-6100. Such a material is sold in two separates components, i.e., PV-6100A
and PV-6100B, and it cures by addition upon mixing. More information on the
properties of the PV-6100 are reported in the Appendix A. In the following, the
PV-6100 will simply be referred as to “silicone”.
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Chapter 3

Layer Transfer Devices

In this chapter, the experimental layer transfer devices developed by several
PV research laboratories and companies are reported. The device developed at
IMEC, i.e., the i2-module, is described in detail, including the motivations for
the technological choices and the phases of the ideal process flow. In this way,
the framework of the thesis is established, and the aim of the research is stated.

3.1 Literature review

A variety of options are available to fabricate thin film c-Si PV modules with
the layer transfer approach. Some of these options concern the cell architecture:
the cell can be either contacted from both sides, similar to PERT cell, or only
on the rearside, similar to i-BC cells (see Fig. 2.5). Some other options concern
the side bonded to the second permanent substrate: the foil can be bonded
either on the sun-receiving (front) or the dark (rear) side of the foil, and, as
a consequence either the front side (FS) or the rearside (RS) of the cell is
module-level processed.

Each option has its own advantages and drawbacks. For instance, concerning the
cell architecture, the process flow for a PERT cell is less complex than that of
an i-BC because of a limited number of patterning steps. A simpler flow means
a reduced process cost, and therefore, for similar efficiencies, a reduced LCOE.
However, an i-BC cell does not present optical shading and leads to higher device
photocurrents than a PERT cell. Higher photocurrents mean higher efficiency
and, hence, for similar process cost, a reduced LCOE. The compromise between
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process cost and device efficiency becomes evident. At the same time, with
regard to the bonding side, the optical requirements for the second permanent
substrate are less strict in the case where bonding is performed on the foil
RS over the foil FS [38]. Nevertheless, for RS bonding, cell interconnection
may require more accurate alignment. These are only two examples of the
different factors to account for during the design of a layer transfer device. At
present, there is no evidence of the technological superiority or of the reduced
cost of one option over the other, and, for this reason, different PV research
laboratories and companies propose several device concepts combining these
options in different ways.

The layer transfer device concepts reported in the literature are: the Hybrid
Silicon (HySi) proposed by ISFH [38], the Crystalline Silicon Interconnected
Strips (XIS) proposed by ECN [24], the integrated interconnected module (i2-
module) proposed by IMEC [81],and some industrial prototypes presented by the
companies Crystal Solar in collaboration with Suniva and Georgia Tech Institute
of Technology (Epi-Si Cell [41]), and Solexel (iCell® [42]). An overview of these
devices divided according to their technological options of cell architecture and
bonding side is shown in Table 3.1. The device architecture and the process
flow as reported in the literature are shown in Fig.3.1.

Table 3.1: Device concepts based on the layer transfer approach reported in
the literature [24, 38, 41, 42, 81]. To the knowledge of the author, no examples
of an i-BC cell with the RS bonded to the second permanent substrate are
reported.

Bonding Side →
Cell

Architecture ↓

Front (FS) Rear (RS)

PERT Epi-Si Cell HySi
i-BC i2-module, XIS,iCell® None

The HySi device proposed by ISFH [38] considers PERT and i-BC cells fabricated
on epitaxial foils, fabricated as follows:

• the foil is epitaxially grown on a PSI template;

• the accessible side of the foil is processed as the RS of the cell while
the foil is still attached to the parent substrate. This phase can include
processes such as surface passivation, junction formation and, in the case
of i-BC, junction structuring. Furthermore, a dielectric and a metal layer
are deposited on the foil and patterned by laser scribing. A structured
metal layer is deposited on a large module carrier;
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Figure 3.1: Schemes and process flows (when available) of the different layer
transfer devices, as reported in literature: HySi (for i-BC) [38] , XIS [24],
i2-module [81], Epi-Si cell [41], iCell® [42].
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• the different foils are detached from their respective parent substrates and
are mechanically and electrically connected to the metalized glass [82];

• the FS of the foil is textured and passivated at module-level using large
area processes, e.g., plasma etching and a-Si:H Plasma Enhanced Chemical
Vapor Deposition (PECVD). The a-Si:H can also play the role of front
surface field (FSF) for i-BC cell or heterojunction (HJ) emitter for PERT
cells. An Anti reflection Coating (ARC) is deposited and in the case of
PERT cells, the foils are FS metalized and interconnected;

• the module is encapsulated.

The XIS device proposed by ECN [24] is an i-BC cell fabricated on wafer strips
of a width of 3mm. At present, ECN does not provide a specific solution for
kerf-loss-free wafer manufacturing and focuses on the process steps after layer
transfer to the module glass, listed below:

• the Front Side (FS) of large area (15.6x15.6 cm2) wafers are processed
with the step of texturing, FSF formation, surface passivation and ARC
deposition;

• the wafers are laminated to the sun-receiving substrate, i.e., the module
glass, by means of a transparent encapsulant;

• the wafers are separated into strips by laser grooving and the edges of the
strips are passivated;

• the emitter, the BSF and the surface passivation are formed on the RS
through module-level a-Si:H PECVD;

• a stack of TCO and Metal is deposited and structured for strip
metallization and interconnection;

• the module is encapsulated.

The i2-module proposed by IMEC [81] is a HJ i-BC cell fabricated on epitaxial
foils [83]. The process flow is similar to the one of the Hysi, except that in this
case, the accessible side of the foil is processed as the FS of the cell when it is
still attached to the parent substrate. Specifically, the process steps are of the
i2-module are:

• the foil is epitaxially grown on a PSI template;

• the foil is FS-processed, including the steps of texturing, FSF formation,
surface passivation and ARC Deposition;
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• the size of the foil is defined by laser scribing;

• the different foils are detached from their parent substrates and bonded
to the same sun-receiving substrate, i.e., the module glass, by means of a
silicone-based adhesive;

• the RS of the foil is processed at module level, comprising the steps of
surface passivation, junction and BSF formation by a-Si:H PECVD and
patterning, metallization and cell interconnections;

• the module is encapsulated.

The companies Crystal Solar and Suniva, in collaboration with the Georgia
Institute of Technology propose the Epi-Si Cell [41], which is processed as
follows:

• the foil is epitaxially grown on top of a PSI template, with formation of
BSF during the foil growth;

• a PERT FS structure is processed while the foil is still attached to the
parent substrate, and the emitter, the ARC and the metallization are
formed;

• the foil is laminated with the sun-receiving substrate and detached from
the parent substrate;

• the rearside passivation, laser opening for contact formation and metal
deposition are executed at module-level;

• the module is encapsulated.

The company Solexel proposes the i-Cell® [42], which is an i-BC cell fabricated
on thin epitaxial foils according to the process step listed below:

• the foil is epitaxially grown on top of a PSI template;

• the RS of an i-BC cell is fabricated while the foil is still attached to the
parent substrate;

• the foil is bonded to a temporary flexible back plane and detached from
the parent substrate;

• the FS of an i-BC cell is fabricated while the foil is attached to the flexible
back plane
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• the foils is transferred to the sun-receiving substrate, i.e., the module
glass;

• the module is encapsulated.

The feasibility of these devices is proven with the fabrication of experimental
Proofs-of-Concept (POFs), whose manufacturing flow and performances are
reported in the literature [40, 41, 42, 84, 85]. Impressive results are obtained
on Epi-Si cell and the i-Cell ® POFs, achieving 17.2% [41] and 20.6% [42]
respectively. The results reported for the other concepts are in the same range,
i.e., 19.4% for the HySi (PERT) [85] and 18.4% for the i2-module [40]. However,
these two values are obtained on POFs that follow only part of the manufacturing
flow described in the corresponding concept. Specifically, the HySi POF is a
PERT epitaxial cell processed freestanding, i.e., using foils already detached
from the parent substrate and not bonded to the second permanent substrate.
The i2-module POF is a “hybrid” i-BC 2x2 cm2 cell, with a rear diffused
emitter and an a-Si:H BSF, processed using 100 mm-round 200 μm-thick wafer:
only the BSF passivation and cell metallization are processed at module-level.
The XIS POF only demonstrates the feasibility of strip formation and metal
interconnection of finished i-BC cells after bonding to the second permanent
substrate, and does not report any efficiency value.

To the knowledge of the author, the processing cost for these different device is
not published. This is mainly because most of these concepts apply techniques
that, at present, are only developed at lab-scale, e.g., epitaxy. Therefore, it
is difficult to compare the processing cost of these devices to that of standard
PV modules, and estimate the actual decrease in LCOE derived by a reduced
silicon consumption.

3.2 Technological choices for the I2-module

Among the different layer transfer devices, IMEC proposed the integrated
interconnected (i2)-module, a concept based on certain technological options.
The motivation for the choice of these options, together with the evaluation of
possible alternatives, are detailed in the following paragraphs.

3.2.1 Wafering Method

As stated in Chapter 1, a more efficient consumption of silicon is necessary
to significantly lower the LCOE. Hence, the wafering method currently used
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needs to be replaced by other techniques that have lower kerf-loss (<�<50% for
a <100 μm-thick wafer) [15]. Furthermore, the low kerf-loss wafering techniques
need to consider the progressive merging of wafering, cell and module processes
foreseen in the layer transfer approach and be adapted for the processing of
high efficiency devices. For these reasons, the chosen wafering method should
fulfill a series of requirements, listed below:

• low kerf-loss of the parent substrate, key point for an efficient use of
silicon;

• reproducible detachment from the parent substrate, central to the layer
transfer approach;

• easily-scalable technology, necessary for high industrial throughput;

• Si quality comparable or better than monocrystalline silicon (c-Si),
essential for high-efficiency devices;

These requirements are satisfied by the wafering method selected for the i2-
module, i.e., epitaxial growth of n-type foils on a PSI templates [83]. The
chosen thickness for the foils is 40 μm, i.e., in the range of maximal theoretical
efficiencies reported in Fig. 1.3.

The low kerf-loss and the reproducible detachment can be interpreted as
a manifold use of the parent substrate, i.e., the possibility to grow and
detach multiple foils from the same parent substrate. The Institut für
Solarenergieforschung (ISFH) demonstrated this idea growing and detaching
up to 13 foils from the same parent substrate with reasonable material quality
[86, 87]. The easily scalable technology for large area production is demonstrated
by the ProCONCVD [88] tool at Fraunhofer Institute for Solar Energy Systems
(ISE). The ProConCVD is an high-throughput tool (5 m2 deposition area,
possible production of more than 1200 epitaxial wafers per hour) that provides
epitaxial layers with thickness homogeneity above 90%. The achievement of
material quality as high as c-Si by epitaxy on PSI is demonstrated by the bulk
lifetime τbulk of approximately 350 μs measured on in-house produced foil [89].
This value corresponds to a diffusion length (L) of approximately 670 μm, which
is 16 times longer than the foil thickness; with such high L, the material is good
enough to consider an i2-module device based on i-BC cells [90]. Furthermore,
another proof of the high material quality that can be obtained in large-area
epitaxial tools is also given by the 20%-efficiency iCell® produced by Solexel
[42]. In addition, other wafering methods suitable for the i2-module also exist
[20, 91]. One of them, i.e., the SLIM-Cut [43] is developed at IMEC [20]and
may represent a valid alternative to the epitaxial foil. However, at present,
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the foils produced by epitaxy have better quality than the ones produced by
SLIM-Cut, with the highest τbulk of the latter limited to 97 μs [92].

For all these reasons, epitaxy is chosen as the wafering method for the
development of the i2-module.

3.2.2 Cell Architecture

Thin-film c-Si technology is designed to reduce Si consumption and increase
device efficiency. To reach high efficiencies using thin foils, two aspects become
fundamental: light trapping and surface passivation.

In a single light pass, foils absorb less light than thick wafers [93] and the
relative impact of optical losses on light-generated current increases [38]. The
main optical losses are represented by parasitic absorption (PA) in non-active
layers [77], poor light trapping schemes [38] and non-optimized FS reflection and
shading [94]. The losses related to the first three phenomena can be removed by
an appropriate FS free of high-absorbing material [95] and by structuring the
FS to increase the optical path of the light into the device [96, 97]. The shading
losses can be removed by using an i-BC cell design [22], where the emitter, BSF,
cell metallization and cell-to-cell interconnections are located on the module RS:
in this way, shading (and resistive) losses in the conventional FS metal grids
disappear [22].

The contribution of surface recombination to the minority carrier effective
lifetime (τeff) of the device becomes increasingly important for thinner cells
fabricated on high quality material [38]. Therefore, state-of-the-art surface
passivation is crucial to achieve high open circuit voltages (Voc). In most c-Si
based technologies, the majority of the surface is perfectly passivated with
high-bandgap dielectric materials, while the rest is in contact with the metal
and, for this reason, unpassivated. These unpassivated regions are necessary for
carrier extraction, and limit considerably the achievable Voc to values below
700 mV [60].

To increase the Voc above 700 mV, amorphous / crystalline ( a-Si:H / c-Si )
heterojunction (HJ) technology can be used. a-Si:H has the ability to form an
excellent passivation layer for c-Si surfaces, while still allowing carrier extraction
by tunneling [60]. Record passivation (Voc of 750 mV) at device level on thin
(< 100 μm) wafers are shown for HJ devices, with a reported efficiency of 24.7%
[98].

The HJ technology can also be used in an i-BC cell design (HJ i-BC), combining
the advantages of the HJ technology with the ones of i-BC cell design. The
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enormous potential of HJ i-BC solar cells has been recently demonstrated by
the new silicon solar cell efficiency world record of 25.6%, obtained on HJ i-BC
fabricated by Panasonic [51].

As such, the HJ i-BC cell is chosen as cell architecture of the i2-module.

3.2.3 Bonding side

During the layer transfer processing, one side of the foil is accessible, while the
other is attached either to the parent substrate (for foil processing) or bonded
to the permanent substrate (for module-level processing). Therefore, the device
is asymmetrical and the choice of the side that has to be bonded to the second
permanent substrate is relevant. Indeed, this choice determines the order of
the different process steps and the requirements and constraints of the bonding
technology. The side to be bonded can either be the sun-receiving FS [99] or
the dark RS [82]. Several advantages of bonding the front side (FS) can be
listed in the case of the i2-module. First, the number of process steps to be
performed on the RS of an HJ i-BC cell is higher than the ones performed on
the FS and hence, bonding the FS maximizes the number of process steps at
module-level. Combined with the easy scaling of the a-Si:H deposition and the
patterning methods such as laser scribing, this approach considerably increases
the module throughput and brings the i2-module close to the thin film Si PV
technology. Second, the minimization of the number of process steps on foils
attached to the parent substrate limits modifications in the PSI that may
induced foil cracking and reduce detachment yield [89], with both these factors
influencing the detachment yield of the foils. Third, cell metallization and
interconnection are performed at the Back End of the Line (BEOL), i.e., after
most critical steps are performed. This eliminates risks of metal contamination
[100] during delicate processes such as wafer passivation [101] and creates the
possibility to merge the two steps in one, simplifying the process [99]. Despite
the advantages, bonding the FS also leads to some potential challenges. First,
encapsulation of half-processed cells eliminates the possibility of cell sorting
prior to module encapsulation and may compromise module performance. For
this reason, the development of in-line characterization techniques to evaluate
the cell performance prior to cell bonding and completion are necessary to the
fabrication of well performing i2-module. Second, bonding the FS also imposes
some constraints on the bonding agent and the second substrate. Indeed, these
are permanent, meaning that in the case of FS bonding, the materials used
should show similar or better optical and reliability properties than the ones
of the commercially standard bonding agent and carrier, i.e., ethylene-vinyl-
acetate (EVA) and module glass. Better properties can be achieved by replacing
replacing existing materials with better performing ones: while glass cannot be
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replaced so easily due to its stability and high optical transmission (~95%) [15],
the optical [26] and reliability [80] performances of EVA are easily exceeded
by the ones of silicone-based front side encapsulants [102]. For instance, the
cut-off wavelength i.e., the wavelength at which transmission drops below
70%, is approximately 250 nm for silicones and 400 nm for EVA [26], because
of presence of UV-blockers in the latter [103]. The lower cut-off wavelength
potentially increases cell currents, provided that the solar cell is responsive in
the high-photon energy region. Furthermore, silicone provides good ultraviolet
stability and high heat and flame resistance. It also has a lower moisture take up
and a lower glass-transition temperature than EVA [26, 104]; these properties
indicate better reliability of silicone over EVA.

Thus, considering the HJ i-BC technology and the epitaxy, bonding the FS of
the cell to the module glass with a silicone-based adhesive is the most suited
bonding technology for the i2-module.

3.3 I2-module Ideal process flow

The i2-module conceptual process flow designed around the technological choices
of paragraph 3.2 can be split into four phases: (1) epitaxial layer growth, (2)
FS cell-level processing, (3) detachment and bonding and (4) module-level RS
processing.

3.3.1 Epitaxial Layer growth

A PSI multilayer structure is electrochemically etched in a low-resistive c-Si
substrate using an HF-based solution [39]. The multilayer structure comprises at
least a double stack of a low porosity layer on top of a high-porosity layer (Figure
3.2, left). Additional layers can be added in order to improve the epitaxial quality
and the foil detachment [89]. During high temperature annealing (>1000 ◦C)
in hydrogen (H2), the high-porosity layer reorganizes and turns into large
horizontal voids. The low-porosity layer reorganizes into small spherical voids
while the surface becomes completely sealed and allows high-quality epitaxial
growth [105]. After annealing, the low porosity layer and the substrate are only
connected through thin and weak silicon pillars located at the depth of the high
porosity layer. The detachment will occur at the depth of this reorganized high
porosity layer. Immediately after the H2 annealing, a 40μm-thick lowly-doped
n-type foil is grown epitaxially on top of the low-porosity layer at a temperature
above 1000 ◦C (Figure 3.2, right), using a suitable combination of thichlorosilane
SiCl3 and Arsine AsH3. The deposition parameters can be easily tuned, leading
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to changes in doping type and level during epitaxial growth and allowing in-situ
formation of emitter and FSF.

Figure 3.2: Scheme of the electrochemical etching of the PSI layer (top left)
and reorganization and epitaxial foil growth (bottom left). SEM picture of the
foil/PSI/wafer stack (right)

3.3.2 Cell-level FS processing

The FS of the foil is processed when the foil is still attached to the parent
substrate. First, the foil surface is textured to enhance light trapping, which
is done either through random pyramid formation by anisotropic etching or
nanopatterning [96]. Second, a highly resistivity POCl3-based FSF is diffused
on the FS, which is passivated by a Silicone Oxide (SiOx) / Silicon Nitride
(SiNx) stack. The SiOx is thermally grown at temperatures above 900 ◦C and
the Silicon Nitride (SiNx) is deposited by PECVD at temperatures around
400 ◦C. This double layer performs also as an ARC: it is optimized for low
absorption in the short wavelengths and minimal spectral absorption at 600
nm, i.e., at the maximum of the solar spectrum irradiance. The FSF and the
ARC are the same as one integrated in the high-efficiency i-BC cells fabricated
in IMEC [106], and are chosen for their excellent performances. However, prior
to integration in the i2-module, the compatibility of this FS processing with
the foil needs to be investigated and the excellent performances witnessed on
thick wafers [106] also need to be verified on foils.

3.3.3 Bonding and Detachment

The foil is laser scribed to a suitable size and then detached. The detachment is a
crucial step for the i2-module processing because the foil is handled freestanding
and, hence, prone to breakage. The freestanding foil is ready to be attached to
the second permanent substrate, i.e., the module glass. The bonding agent is a
30 μm-thick layer of Dow Corning® Polydimethylsiloxane PDMS (CH3)2SiO
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PV-6100 [107], hereafter dubbed silicone. The foil is handled freestanding and
placed to the module glass for bonding. Multiple foils can be bonded on the
same glass piece, depending on glass, silicone area and foil dimensions (Fig. 3.4).
The bonding needs to be uniform and permanent at all points of the different
foils, in order to avoid local stress and maintain good refractive index matching
for the glass / silicone / foil stack. More details on the silicone and process
used for a uniform and permanent bonding can be found in Appendix A and
paragraph 4.1.5, respectively.

3.3.4 Module-level RS Processing

The foil is now attached to the module glass and the foil(s) / silicone / glass
stack (referred in the following as the bonded foils) undergoes module-level RS
processing. The bonded foil is immersed in chemical solution to remove the
PSI layer and prepare the RS surface for passivation and junction formation.
These two operations are performed through deposition of a thin (<30nm)
double-layer a-Si:H(i/p) stack by PECVD. The double layer is a combination
of a-Si:H(i) for chemical passivation and a-Si:H(p) for emitter formation and
it is deposited on the entire module area. The a-Si:H stack is then removed
from the area dedicated to BSF formation. The deposition and patterning
operation are repeated for the BSF: a double a-Si:H(i/n) layer is deposited by
PECVD on the entire area and then removed from the areas overlapping with
the a-Si:H(i/p). In this way, the RS interdigitated pattern is obtained. Then, a
TCO-based optical spacer is sputtered to improve RS reflectance [77] and the
cells are metalized. The TCO/metal stack is patterned to avoid cell shunts.
Cell interconnection may be performed together with the cell metallization in
case of innovative metallization techniques [99] or, more conventionally, in a
separate step. Finally, the module is encapsulated by lamination using a second
silicone-based encapsulant (PV-6150 [107]) and a white commercial backsheet.

Among the different phases of the i2-module flow, the RS processing is certainly
the most complex: it includes different steps, which are performed in presence
of glass and silicone. Indeed, glass and silicone are unusual materials for cell
processing, and their presence imposes constraints in the process flow. For these
reasons, prior to device integration, the compatibility of the different steps with
these two materials needs to be verified.
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Figure 3.3: Epitaxial foil before (left) and after (right) FS processing. The FSF
and the SiOx/SiNx stacks are represented in green and blue, respectively.

Figure 3.4: Detachment from the parent substrate (left) and bonding to the
module glass (right). The glass and silicone are represented in white and light
brown, respectively.

Figure 3.5: In sequence, all module-level processed steps: a) cleaning and
deposition of a-Si:H(i/p), b) a-Si:H(i/p) patterning, c) cleaning and deposition of
a-Si:(i/n), d) a-Si:H(i/n) patterning, e) sputtering of ITO and cell metallization,
f) ITO and metal patterning, g) cell interconnection and encapsulation. The
a-Si:H(i/p), the a-Si:H(i/n), the ITO, the Metal, the backside encapsulant and
the backsheet are represented in orange, green, dark blue, purple, yellow and
white, respectively.
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3.4 I2-module process cost

The i2-module and other layer-transfer devices are developed in order to
decrease the LCOE of PV systems. Nevertheless, the ideal i2-module flow
as described in paragraph 3.3 is more complex than that of standard PV
modules [93]. This added complexity can increase considerably the device
process cost, and, beyond a certain limit, can counterbalance the advantages of
the optimized Si consumption and rise the LCOE. At present, it is not possible
to accurately calculate this limit for two main reasons. First, the lack of a
stable i2-module process baseline: the compatibility of the foil with certain
process steps mentioned above is still under investigation, and changes in the
process flow are not to be excluded at this stage of the research. Second, the
lack of public information on the up-scaling cost of several techniques used in
the process, e.g., epitaxy or automatic handling of foils. Nonetheless, a very
rough estimation on the amount of Si saved with the i2-module process can
show how this limit is likely to be too high to be achieved. Thickness of wafers
used in standard PV modules is approximately 160 μm. Considering the extra
100 μm of the Si Kerf-loss [19], there is a total consumption of 260 μm of Si per
wafer. In the i2-module, the wafer thickness is 40 μm, and the losses due to the
formation and removal of the PSI layer are estimated to be approximately 2 μm.
This means that with the same amount of Si, the i2-module can be fabricated
using 6 times less silicon than a standard PV module. Considering that both
modules can achieve the same experimental efficiencies, and approximating the
cost of both wafering methods to the same amount, in order to attain that limit
the i2-module process should be 6 times more expensive than that of standard
PV modules. Certainly, exact calculations are necessary to provide a more
accurate evaluation of this limit. However, such investigation is out of the scope
of this thesis and, hence, it will not be further discussed.

3.5 Aim of the thesis

Paragraph 3.3 describes an ideal process flow for the i2-module shaped around
the technological choices listed in paragraph 3.2. The ideal process flow can
be turned into a real device on the conditions that the different challenges
described for each process phase are solved. This thesis focuses on one of these
challenges, i.e., a-Si:H module-level surface passivation of the RS of the foil in
presence of glass and silicone. The aim is to understand the influence of the
glass and silicone on the passivation process, to remove this influence and to
obtain comparable surface passivation on freestanding and bonded foils.



Chapter 4

Module-level passivation and
characterization of bonded
foils

In this chapter, the processes and the characterization techniques used to
evaluate the module-level RS passivation of bonded foils are described. The
procedure to measure the quality of the passivation of bonded foil is detailed and
the methods to analyze the properties of the passivated samples are summarized.
Furthermore, a preliminary experiment is performed to test the validity of the
procedure and methods chosen and determine the research approach.

4.1 Measurements of wafer surface passivation

4.1.1 Motivation

The Voc of solar cells can be estimated prior to completion of the device thanks
to measurements of minority carrier effective lifetime (τeff) [108]. τeff is defined
as effective because it accounts for the presence of defects in the wafer bulk
and on the wafer surface, with these two properties respectively quantified by
the figures of bulk lifetime (τbulk ) and, among others, surface recombination
velocity ( Srec ). Under certain conditions [108], the relation between these three
parameters, i.e., τeff, τbulk and Srec, and the wafer thickness (W ) is expressed
by Eq. 4.1.

39
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1
τeff

= 1
τbulk

+ 2Srec
W

. (4.1)

The factor two in front of the Srec in Eq. 4.1 is related to two surfaces of the
wafer. Eq. 4.1 assumes that both surfaces are passivated in the same way, and
therefore it is applicable only when the two Srecs of the FS and RS are identical.
Furthermore, if the amount of defects in the bulk of the wafer is relatively
low (≤1010cm-3), as is the case for Float Zone (FZ) wafers, the bulk defects
concentration can be neglected. This means that 1/τbulk tends to zero, and the
τeff can directly give a measurement of the surface passivation.

For these reasons, the quality of the surface passivation is often measured
on symmetric structures fabricated on a FZ wafer, i.e., structures that are
passivated following the same process on the FS and RS. In the case of a-Si:H
passivation of freestanding wafers, this is done with a two-step process: (a) wafer
cleaning and (b) FS and RS a-Si:H PECVD performed in sequence by flipping
the wafer in the PECVD reactor. In the case of a-Si:H passivation of bonded
foils, this is not possible because after bonding only one of the two surfaces is
accessible. Therefore, one surface (FS) should be passivated prior to bonding,
and the second surface (RS) should be passivated after bonding, simulating the
i2-module layer transfer approach. Since this thesis focuses on the module-level
surface passivation, a specific sequence to evalute the RS surface passivation
of bonded foils is developed and followed in most of the experiments. This
sequence is detailed in the following paragraphs.

4.1.2 Wafers and Glasses

The evaluation of module-level surface passivation of bonded foils is performed
using high-quality wafers provided by Siltronics [109] bonded to pieces of glass
provided by Corning [110]. This choice is made for several reasons. First,
the lower fragility of thick wafers in comparison with foils leads to a higher
process yield. Second, the identical characteristics of wafers in commercial
stocks improve the reproducibility of the experimental results. Third, the use
of high-quality double-side polished FZ allows for neglecting the contribution
of 1/τbulk to τeff. Fourth, the wafer characteristics (dimension, doping, surface
roughness) can be chosen as function of the experimental needs.

Moreover, the choice of thick wafers for the study of the passivation assumes
that the results obtained on thick wafers are also valid on foils: this may not
be true when comparing absolute values, because the results depend on the
(different) surface and bulk characteristics of the foils and wafers. However,
this assumption is valid in the case where relative comparison between the
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passivation of freestanding and bonded wafers (or foils) is sought, as is the case
for this thesis (see paragraph 3.4).

The glasses chosen for the experiments are either fused quartz or borosilicate
glass pieces [111]. Depending on the experiment, the size can vary between
10x10 cm2 square, 12.5x12.5 cm2 and 15.6x.15.6 cm2 semisquare, while the
thickness is always fixed at 700±10 μm. These pieces of glass are shaped
similarly to standard solar cell wafers and they are smaller and thinner than PV
module glass panels. This choice is imposed by the size limitation of the tools
used, which are designed for processing of solar cells with standard dimensions.

4.1.3 Cleaning

Prior to passivation the wafers and the glass pieces are cleaned. The purpose
of this cleaning step is twofold: remove surface contamination [112] that may
degrade the passivation and, in the case of wafers, create a hydrogen-terminated
surface [113] to obtain an a-Si:H / c-Si interface with low defect density [68].
More information on the purposes of cleaning can be found in paragraph 5.1.1.

The cleaning sequence selected to clean wafers and glass pieces is the so-called
“IMEC clean” [114] and comprises of two cleaning steps. The first step is the
immersion in a self-heating mixture of Hydrogen Peroxide H2O2 and Sulfuric
Acid H2SO4. The characteristics of the solution are: 1:4 (H2O2 : H2SO4 volume
ratio), 80 ◦C - 110 ◦C (temperature) and 10 min (immersion time). This solution
is also called “Piranha” or Sulfuric Peroxide Mixture “SPM”, with this acronym
used in the following. SPM removes contamination from the surface and creates
a thin (<2 nm) chemical oxide [114]. After immersion in SPM, the wafers are
rinsed in deionized water (DI) in order to remove residual chemicals from the
surface. The second step of the cleaning sequence is a 30 s-immersion in an
HF-based solution. This step strips the chemical oxide formed during SPM and
creates a hydrogen-terminated surface. The solution is characterized by a HF :
HCl : H2O volume ratio of 1:1:20 and is used at Room Temperature (RT). In
the following, this step will be referred as to HF/HCl. After rinsing in DI, the
wafers are dried and ready for FS passivation.

4.1.4 FS passivation

After cleaning, FS passivation is performed by a-Si:H PECVD. At IMEC, two
Capacitively Coupled Plasma reactors operating at 13.56 MHz can be used for
this purpose, the Plasmalab System 100 from Oxford Instruments [115] and
the AK1000 In-line from Roth & Rau [116]. For simplicity, these two reactors
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will be referred in the following as OPT and AK1000, respectively. A variety of
layers deposited on both reactors can be used to passivate the HF-terminated FS
surface, and the complete list is reported in Appendix B. The layers chosen for
FS passivation vary between the different experiments, but whenever possible,
the layers are the ones providing best in-house surface passivation. Such layers
are chosen because high quality FS passivation increases the value of τeff, and,
therefore, the sensibility to variation in RS surface passivation. Following this
rule of thumb, in most of the experiments the FS is passivated by an a-Si:H(i/n)
layer deposited in the OPT according to the following parameters: 47 mW/cm2

(input power density Pinput), 1.7 Torr (Pressure), 25 sccm : 75 sccm (SiH4:
H2 flow), 220 ◦C (deposition temperature Tdep) for the 7±1 nm-thick a-Si:H(i)
layer and 47 mW/cm2 (Pinput), 1.7 Torr (Pressure), 100 sccm : 0 sccm : 100
sccm (SiH4: H2: PH3 flow ), 220 ◦C (Tdep) for the 24±1 nm-thick a-Si:H(n)
layer. A hydrogen H2 plasma is performed for 40 s between the a-Si:H(i) and
the a-Si:H(n) deposition at the same Tdep and pressure of the two layers and
at Pinput of 57 mW/cm2, in order to improve the passivation [72]. This double
a-Si:H(i/n) layer provides a τeff above 8 ms when deposited on both sides of
FZ wafers optically polished with a resistivity (ρ) of 2 Ωcm and a thickness of
200 μm, corresponding to a Srec below 1.3 cm/s. In the following, this layer will
simply be dubbed a-Si:H(i/n) layer.

4.1.5 Bonding procedure

After FS a-Si:H(i/n) passivation, the wafers are bonded to glass pieces. Because
of the dimensions of the wafers and the glass pieces, the bonding is performed
one-to-one, i.e., a single wafer is bonded to a single glass piece. Furthermore,
the silicone coating layer is wider than the wafer and smaller than the glass
piece, creating a structure named “blanket structure” henceforth (see Figure
4.1, right). The blanket structure is chosen to simulate the bonding of the ideal
i2-module, where a single layer of silicone covers the whole module glass area,
and multiple foils are bonded one next to each other. The bonding procedure is
developed in-house and proceeds as follows.

The two components of the silicone, namely the PV-6100A and PV-6100B are
mixed in the volume ratio 1:1 in a plastic cup. Starting from this moment,
the working life of the material is approximately one hour (see Appendix A for
more details). The mixture is shortly stirred and let stand for approximately 5
min in order to remove the air bubbles trapped in the material during stirring.

A single glass piece is introduced in the screen printer, where the standard
screen is replaced by a stencil mask with the desired pattern (Fig. 4.1, left). In
most cases, the pattern is chosen to be of the same shape of the wafer to be
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Figure 4.1: Photograph of the bonding tool. The Stencil mask, the aperture,
the blade, the squeegee and the silicone are indicated (left). Scheme of the
bonded wafer (right). In this case, the desired pattern is a circle with a radius
of 5.5 cm suited for a 100 mm round wafer and the glass piece is a square of
125x125 cm2

bonded, and of an area moderately larger, i.e., with an offset of approximately 5
mm in each direction (Fig. 4.1,right). A consistent amount of silicone is placed
on one side of the stencil mask, near to the aperture. A blade is placed next
to the silicone and is swept across the pattern with the help of the squeegee.
This method provides a uniform silicone coating of a thickness of approximately
30 μm. After dispensing, the silicone layer is still relatively liquid and exact
wafer placement is challenging. Hence, the glass / silicone stack is cured in
a clean vacuum oven prior to bonding under the following conditions: 100 ◦C
(Temperature), 15 min (Time), 0.19 mbar (Pressure). The curing time of 15
min is longer than the one indicated in the silicone technical datasheet, i.e., 1
min [117]. This difference is related to the necessary temperature and pressure
stabilization of the oven. After curing, the wafer is manually bonded to the
glass / silicone stack. This is performed by manual placement of the wafer on
the cured silicone and application of light pressure at different points of the
wafer. Finally, in order to remove air bubbles between the silicone and the
wafer formed during manual bonding, the wafer / silicone / glass stack is left
for approximately 15 h (overnight) under vacuum (0.1 mbar) at RT. Previous
tests have shown that the bonding procedure does not influence the quality of
the FS passivation [118].

4.1.6 Post-bonding cleaning and Rear Side (RS) passivation

After bonding, the RS of the wafer / silicone / glass stack needs to be cleaned
and passivated. The cleaning sequences vary from experiment to experiment,
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according to the compatibility requirements of the silicone and glass. The
solutions most commonly used are SPM, HF/HCl, HF:HNO3 mixtures and
TMAH in water, and their cleaning efficiencies are detailed throughout the
thesis (see Chapter 5 and 6). After Cleaning, the RS is passivated with a-Si:H
layers. Due to the presence of silicone and glass, the range of a-Si:H layers
is limited, and the rule of thumb of using the best in-house passivation on
symmetric structures cannot always be followed. Therefore, different a-Si:H
layers taken from Appendix B are deposited. In most cases, these are either
the same a-Si:H(i/n) as the one used for FS passivation or a 30±2 nm-thick
a-Si:H(i) layer deposited under the following conditions: 47 mW/cm2 (Pinput),
0.7 Torr (Pressure), 100 sccm (SiH4 flow), 180 ◦C (Tdep). After deposition, this
a-Si:H(i) layer is annealed at 200 ◦C for 60 min under a N2 atmosphere in order
to improve the passivation [119]. This a-Si:H(i) layer provides a τeff in the range
of 4±1 ms when deposited on both sides of FZ wafers optically polished with
a resistivity (ρ) of 2 Ωcm and a thickness of 200 μm, corresponding to a Srec
of 2.6±0.7 cm/s. In the following, this layer will be referred to as the a-Si:H(i)
layer.

4.1.7 Measurements of Surface Passivation

After RS a-Si:H passivation, the two surfaces of the bonded wafer are passivated,
and τeff can be measured. As mentioned in paragraph 4.1.1, τeff can provide the
value of surface passivation if the 1/τbulk tends to zero and if the two surfaces are
passivated in the same way. In the case of FZ wafer bonded to glass, the first
condition is always ascertained because of the use of the FZ wafers, while the
second is not, complicating the evaluation of the surface passivation. Therefore,
different strategies are applied to obtain a reliable value, depending on whether
a relative or absolute measurement is sought.

Relative values are needed when comparing bonded wafers undergoing different
RS processing, but similar FS processing. In this case, the evaluation is
performed through relative comparison of the different τeff measured. As
such, the differences observed are attributed to differences in RS processing.
This strategy is followed when comparing different post-bonding cleaning, RS
passivation layers, or, in general, any different treatment performed after
bonding. This method also assumes that the FS passivation is not limiting the
value of τeff, as is the case when the best in-house passivation process is used.

More challenging is the comparison between RS passivations of freestanding
and bonded wafers because absolute Srec values are needed. In these kinds
of experiments, in addition to the bonded wafers, two types of freestanding
symmetric structures are prepared: in the one case the layers deposited on the
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FS and RS of the symmetric structures are the same as the one used for the
FS passivation of the bonded wafer, and in the other case the layers deposited
are the same as the one used for RS passivation. Certainly, the freestanding
symmetric structures also follow an identical cleaning and surface conditioning.
In this way, the two freestanding structures provides the absolute values of FS
and RS Srec. Assuming that the FS Srec obtained on freestanding wafers is the
same one as the one obtained on bonded wafers, the absolute values of the RS
Srec achieved on bonded wafers can be measured and compared to the ones
obtained on the freestanding wafers.

To measure τeff and Srec, two main methods are used: Quasi-steady-state
Photoconductance decay (QSSPC) [120] and Photoluminescence lifetime imaging
(PL) [121]. The working principles of these two methods are reported in
Appendix C. While QSSPC provides an average value of the τeff over an area
of approximately 4x4 cm2 as a function of different minority carrier densities
(nes), PL is able to map the band-to-band emission over the whole sample area
at a single ne. The combination of these two techniques leads to measurements
of PL pictures calibrated via QSSPC and therefore, to the mapping of τeff and
Srec on the full surface at one or several carrier densities [122]. In this thesis, if
not differently stated, the τeff measured by QSSPC are reported at an ne equal
to 1×1015cm-3, while the pictures taken by PL are calibrated at an ne equal to
7×1015cm. In specific cases, a third measurement method is also used: this is
the microwave photoconductance decay (μw-PCD [123]) performed at Semilab
[124], which is able to provide a better spatial resolution than PL.

4.2 Chemical analysis

Chemical analysis is performed in order to relate the differences in τeff and
Srec between the different samples to the influence of silicone and glass on the
passivation process. Analysis are performed either on the a-Si:H or on the
silicone using a variety of techniques. The principle of the techniques most
commonly used are sketched in the following paragraphs, together with the
procedure for data collection and elaboration.

4.2.1 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) provides a picture of the
chemical bonds distribution in the material. In this technique, infrared light
is beamed through a sample, and the amount of light absorbed at each
wavelength is collected and mathematically reconstructed with the help of
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a Fourier Transform Algorithm. An FTIR spectrum is obtained, where each
peak corresponds to the light absorbed by a specific chemical bond [125]. In
the thesis, the FTIR spectra are collected in the mid infrared region, i.e., in the
range between 2.5 and 15.3 μm (wavelength) or 650-4000 cm-1 (wavenumbers)
with a resolution of 4 cm-1. This range is chosen in order to detect the chemical
bonds present in the a-Si:H and in the silicone, and the chemical modifications
induced on the silicone surface by processing. The measurements are performed
with the FTIR spectrometer Nicolet 6700 from Thermo Scientific [126] in
Attenuated Total Reflectance mode (ATR-FTIR) using a Germanium crystal
and a Mercury Cadmium Telluride (MCT-A) detector [127] cooled down in
liquid nitrogen. ATR-FTIR mode is used to limit the sample analysis to a
depth of approximately 1μm and is chosen for several reasons. In the case of
a-Si:H, the samples analyzed are passivated wafers bonded to glass, where the
RS and the FS a-Si:H layers are deposited in presence or absence of silicone
respectively. ATR-FTIR allows to analyze only the a-Si:H deposited on the
RS without any contribution of the a-Si:H deposited on the FS. In the case of
silicone, the modifications induced by processing on the silicone are limited to
the top silicone surface (<�<1 μm, see Chapters 8 and 9). Hence, ATR-FTIR
limits the contribution of unmodified (pristine) silicone to the measurement and
provides a lower detection limit for the process-induced modifications.

After measurements, the FTIR spectrum is analyzed according to the following
procedure. First, the irrelevant part of the spectrum (baseline, substrate signal)
is removed with the help of a reference measurement: the spectrum of the
reference sample, i.e., a c-Si(n) wafer, a glass piece, or pristine silicone on
glass, is subtracted from the spectrum of the sample under analysis, generating
a differential spectrum. In the case of a-Si:H, this step removes the spectral
contribution of the c-Si(n) chemical bonds and, as a consequence, the differential
spectrum indicates the distribution of chemical bonds only in the a-Si:H layer.
In the case of silicone, this step removes the spectral contribution of the pristine
silicone and the differential spectrum indicates the modifications induced in
the silicone by the treatment under investigation. Specifically, the introduction
or removal of chemical bonds is indicated by the appearance of positive and
negative peaks in the differential spectrum, respectively. The intensity of these
differential peaks can also provide information on the amount of changes in the
material. Intensity is defined as an absolute value, and therefore a low or a high
intensity indicates a small or a large change in chemical bonds distribution,
respectively, both in the case of negative (removal) or positive (introduction)
peaks. Second, differential spectra are deconvoluted into a sum of Gaussian
peaks using a fitting mutipeak deconvolution package from Igor Pro [128]
and the position, height, width and area of the different peaks are quantified.
Third, these peaks are assigned to the corresponding chemical bonds with the
help of literature. Comprehensive databases exist for a-Si:H [129] and silicone
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[130, 131, 132], and a list with the most common peaks recorded in this thesis
is reported in Table 4.1.

Table 4.1: List of most common peaks measured in the ATR-FTIR measurements
and corresponding chemical species [129, 130, 131, 132].

Embedding Material Bond Position (cm-1)
None Si-CH3 863,2960
None Si-OH 3690

Silicone Si-CH3 in (CH3)3SiO0.5(M-unit) 755,840,1250
Silicone Si-CH3 in (CH3)2SiO(D-unit) 795,860,1260
Silicone Si-CH3 in (CH3)SiO1.5(T-unit) 760,845,1270
Silicone Si-O in strained (CH3)2SiO(D-unit) 1000
Silicone Si-O in cyclic oligomers (Dx) 1010-1020
Silicone Si-O in (CH3)2SiO(D-unit) 1020,1095
Silicone Si-O in (CH3)SiO1.5(T-unit) 1040,1130
Silicone Si-H 910,2100
Silicone Si-OH (hydrogen bonded OH) 3200-3400
Silicone Si-CH2-CH2-Si (Ethyl bridge) 1120-1180
Silica Si-O in SiO2 (Silica) 1060,1150
a-Si:H Si-H in SiH (Mono-hydride) 610,2000
a-Si:H Si-H in SiHx, x= 2,3 (di-, tri-hydride) 610,2090

4.2.2 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) [133] detects the chemical composition
and the chemical state of the surface elements of the sample analyzed. In this
technique, a X-ray beam illuminates a sample from which electrons are ejected
by the photoelectric effect. An electron analyzer determines the kinetic energy
of the ejected electrons and, knowing the energy of the X-ray, the binding energy
of the electron is determined. In turn, knowing the binding energy leads to the
identification of the elements from which the electron originates. Furthermore,
the small (<5 eV) variations of the binding energy indicate the chemical state
of the elements [133].

The effective depth of the material measured changes according to the
measurement mode. In the simplest case, the analysis is limited to a depth of
2-3 nm. By varying the exit angle of the measurements (angle resolved surface
spectrum mode), this thickness can increase up to 10 nm. With the help of
repeated cycle of sputtering and analysis composition (depth profile mode), the
material can be analyzed down to a depth of approximately 100 nm.



48 MODULE-LEVEL PASSIVATION AND CHARACTERIZATION OF BONDED FOILS

In this thesis, XPS is used to determine the chemical composition of the a-Si:H
deposited on bonded wafers and the chemical modifications of the silicone
induced by the different treatments.

4.2.3 Contact Angle (CA) Measurements

The (wet) contact angle (WCA or CA) [134] is the angle where a liquid/vapor
interface meets the solid/liquid interface, and is determined by the resultant
of the adhesive and cohesive forces. The measurements of CA estimates the
wettability of the surface and therefore, if the liquid used is water, its hydrophilic
or hydrophobic character: the lower the contact angle, the more hydrophilic
the surface. Furthermore, the surface hydrophilicity can provide an indication
of the surface termination of the material. For example, oxidized surface are
highly hydrophilic, while hydrophobic behavior is observed in organic-terminated
surfaces. However, the chemical composition cannot be determined explicitly
by CA alone [134].

In this thesis, CA measurements are performed with the static sessile drop
method, consisting of the deposition of a single droplet of a pure liquid on a
solid substrate, optical capture of the droplet profile and angle measurement.
This method is used in combination with ATR-FTIR and XPS measurements
of silicone and c-Si(n) surfaces to determine the surface composition of the
samples and/or presence of organic contamination.

4.3 Preliminary experiment

A preliminary experiment is performed as a first step of the research. This
experiment is needed for multiple reasons: (1) test the procedure for passivation
of bonded wafers described in paragraph 4.1, (2) investigate possible degradation
of the a-Si:H passivation and (3) collect information neccesary for determining
the research approach.

4.3.1 Methods

Three 160 μm-thick 5x5 cm2 n-type Czochralski (Cz) wafers provided by
SunEdison [135] are double-side polished and cleaned in SPM and HF/HCl and
the FS is passivated with 60 nm of a-Si:H(i) deposited with the following
conditions: 200 ◦C (Tdep), 0.7 Torr (Pressure), 100 sccm (SiH4 flow), 22
mW/cm2(Pinput). 700 μm-thick 10x10 cm2quartz glass pieces are cleaned
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in the same SPM and HF/HCl solutions and one of them is coated with a 30
μm-thick 6x6 cm2 layer of silicone following the procedure detailed in paragraph
4.1.5. Afterward, only one of the three wafers is manually bonded, while the two
others remain freestanding. After curing, the samples are immersed in HF/HCl
and the RS is passivated by the same a-Si:H(i) layer as the one used for the FS.
HF/HCl is chosen because it is the simplest cleaning method able to create a
hydrogen-terminated surface ready for passivation [112]. The RS passivation of
the three sample is performed by a-Si:H PECVD using three configurations: (a)
a freestanding wafer (no glass, no silicone), (b) a wafer laying on a glass piece
(glass, no silicone) and (c) a bonded wafer (glass, silicone). Immediately after
RS deposition, the minority carrier effective lifetime (τeff) is mapped on the
samples by microwave detected photo conductance decay (μPCD) [123]. In this
case, μPCD is preferred to PL and QSSPC for its higher spatial resolution. The
three configurations, and the corresponding μPCD lifetime maps are reported
in Fig. 4.2.

Figure 4.2: Picture (left) and μPCD image (right) of the three samples used in
the experiment. The samples are a freestanding wafer (a), a wafer laying on
a glass piece (b) and a bonded wafer (c). The position of the samples in the
PECVD reactor is reproduced. The three μPCD pictures are taken separately
at different scales and the maximum and minimum τeff (in μs) mapped on each
samples are reported.

4.3.2 Results and discussion

The presence of silicone and glass has a strong influence on the a-Si:H / c-Si
passivation. This is clearly shown by the difference in maximum τeff values
measured on the three samples: 610 μs, 190 μs and 33 μs for the freestanding,
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laying and bonded wafer, respectively. The differences between the τeff can be
related to a silicone-induced degradation: visual inspection of the samples reveals
a color gradient in the bonded wafer from the wafer edge close to the silicone
to the wafer center. A similar color gradient is observed in the freestanding
and laying wafers, and this extends from the wafer edge close to the silicone of
the bonded wafer to the wafer edge opposite to it. This gradient is correlated
with μPCD lifetime mapping in Fig. 4.2, and suggests that the silicone-induced
degradation is stronger close to the exposed areas of silicone. Furthemore, this
also means that most of the degradation can be solely attributed to the silicone,
while the influence of the glass piece during the passivation, if any, has a minor
effect on the τeff.

X-ray Photoluminescence Spectroscopy (XPS) measurements are performed
on the bonded sample to determine the chemical composition of the top 7 nm
of the a-Si:H layer showing color gradient. The top 7 nm may not contribute
to the passivation as much as the interface layer [136], but the analysis can
already give some insight about the characteristics of the deposited layers. The
results indicate that the layer is mainly composed of Silicon (Si), Carbon (C)
and Oxygen (O) and that the amount of C is relatively higher than Si and O
on the edge than on the center (Fig.4.3). When moving inward, the Si and
the O content increases, although this increase is more significant for the Si.
The moderate increase of the O content may be explained by the presence of
oxidized silicon atoms belonging either to the silicone (edge) or to the deposited
layer (center).

A comparison of Si2p spectra [133] acquired from the center and the edge of
the sample is shown in Fig. 4.4. The shape and the position of Si2p peak
indicate the degree of oxidation of the Si, moving from elemental non-oxidized Si
linked to three others Si atoms (Si0) at a binding energy of 99 eV to Si bonded
to one (Si+), two (Si2+), three (Si3+) or four (Si4+) oxygen atoms, up to a
binding energy of 104 eV. The spectra recorded in the center of the wafer show
a distinctive peak at 99.3 eV that can be attributed to the Si linked to other
Si atoms in the a-Si:H bulk, but also a peak at 102.0 eV that is attributed to
Si bonded in dimethylsiloxane D-units, i.e., (CH3)2SiO. Furthermore, Fig. 4.4
shows also a clear difference in the silicon chemistry between the two positions
of the analysis. A relative increase of the height of the peak at 102.0eV and
decrease in the height of the peak at 99.3 eV are witnessed as the analysis moves
from the center to the edge of the sample. Therefore, the Si2p spectra indicate
the presence of silicone molecules in the a-Si:H layer deposited on the silicon
wafer, with this effect more pronounced on the wafer edge, i.e., closer to area
where the silicone is exposed to the plasma.
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Figure 4.3: Relative composition of C, O and Si of the wafer surface as detected
by XPS on the sample bonded to glass as a function of distance from the edge.
The lines are guide to the eye.

Figure 4.4: Comparison of Si2p spectra acquired from the center (left) and edge
(right) analysis positions. The peak intensities are not on the same scale, only
qualitative comparison is possible.
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4.3.3 Conclusion and Approach

As explained above, the degradation of the a-Si:H passivation induced by
the presence of silicone during the passivation process is undeniable. The
degradation is attributed to the incorporation in the a-Si:H layer of organic
dymethil siloxane D-units originating from the silicone. However, the experiment
is not able to indicate when and how the degradation occurs: the degradation
can happen during the bonding, the post-bonding cleaning and/or the a-Si:H
PECVD step. Furthermore, the strong degradation induced by the presence of
silicone on all samples does not allow withdrawing conclusions on the influence
of the glass piece on the passivation. Therefore, the effects of the two materials
(silicone and glass) on the three process steps need to be understood in order to
quantify their relative impact on the a-Si:H passivation. To do so, the problem
is divided into small experimental studies measuring the effect of one single
material at a time, i.e., the glass or silicone on one single process step (bonding,
post-bonding cleaning or a-Si:H PECVD). Chapter 5 describes the influence of
glass on the passivation during the step of post-bonding cleaning and a-Si:H
PECVD. Chapter 6 describes the effects of silicone on the wafer cleanliness
during the steps of bonding post-bonding cleaning. Chapter 7 describes the
effects of silicone during the step of a-Si:H PECVD.



Chapter 5

Influence of glass on a-Si:H
passivation of bonded wafers

In this chapter, the interactions between glass, the steps of wet surface cleaning
and a-Si:H PECVD are investigated. First, the issues related to glass etching
and leaching of contaminants in the wet cleaning steps are analyzed, together
with their influence on the passivation. Second, the possible changes in the
a-Si:H layer deposited by PECVD due to presence of glass are studied.

5.1 Influence of glass on wafer cleaning

5.1.1 Surface contamination and wafer cleaning

Wafer cleaning is an essential part of semiconductor processing. Usually,
undesired species such as metals, particles, and airborne molecules ( acids, bases,
organic molecules, dopants, moisture) defined as ”contamination” are present
on the wafer surface [112]. Contamination is unacceptable for semiconductor
manufacturing because it can induce undesired interactions during processing,
negatively affect certain process steps, disturb wafer inspection and degrade
final device performance [112]. The wide range of effects of contamination is
due to the different type of contaminating species. For instance, metals tend to
diffuse in silicon, introducing defects states in the bandgap and lowering τeff.
Equally, particles can lead to processing issues, for instance to micro-masking
during a-Si:H PECVD or electrical failure. The effect of airborne molecules

53
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change as a function of the type of molecules: for instance, acid and bases can
induce unwanted and unsuited chemical reactions, organic molecules can form
undesired Si-C, dopants can locally change the wafer doping and moisture can
lead to corrosion [112].

For these reasons, contamination must be removed, and this is done during
the process step of wafer cleaning. Wafer cleaning is defined as the removal of
particulate and chemical impurities from the semiconductor surface without
damaging or deleteriously altering the substrate surface [137] and is often
performed by wafer immersion in wet chemical solutions. Different cleaning
solutions are often used in sequence in order to remove all type of contamination
from the wafer surfaces. The most common cleaning sequences employed are the
so-called Radio Corporation of America (RCA) cleaning [137] and the IMEC
cleaning [114]. Specifically, the RCA is a two-step sequence that comprises
of SC1 (NH4OH : H2O2: H2O), and SC2 (HCl : H2O2: H2O). SC1 aims
at the removal of particle, organics and some metals, and SC2 targets alkali
substances, heavy metals and ions [112]. The IMEC clean is a two-step sequence
that comprises SPM ( H2O2 : H2SO4) and an HF-based solution. SPM removes
organics and alkaline metals, while the HF mainly removes the native oxides
and ionic contaminants. If HCl is added to HF, the metal removal of this step
is enhanced [112]. These solutions are all under specific conditions of chemical
concentration, temperature, and immersion time [137].

The cleaning solutions to be used at different process steps depend primarily
on the contamination to be removed. Additionally, the choice of the cleaning
steps needs to take into account other factors, i.e., 1) the surface conditioning
necessary for the process step after cleaning, 2) the undesired modification
induced on the wafer surface by the different solutions, 3) the chemical
compatibility of the materials present in the solution and 4) the chance to
generate cross-contamination [112]. Bearing these considerations in mind,
the cleaning of bonded wafers prior to a-Si:H PECVD has to: (a) remove
contamination present on the surface, (b) create an hydrogen-terminated surface
for the passivation [68], (c) avoid glass and silicone degradation and (c) not
introduce additional contamination.

5.1.2 Behavior of glass during wafer cleaning

Glass is a silicate material composed manly of Si and O, with presence of other
chemical species. The different species are remaining in the glass piece after
specific processes are performed to improve certain properties or to lower the
manufacturing price of the glass, with the balance between these two criteria
driven by the glass application. Depending on the composition, glass can be of
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different type: quartz, formed exclusively by Si and O, aluminosilicate glass (Si,
O, Al), borosilicate glass (Si, O, B, Na, Al), soda-lime glass (Si,O, Na,Mg, Ca,
Al), etc. [111].

Typical module glass carriers may contain potential contaminants such as
alkaline materials or metals [111]. However, these contaminants are allowed
since glass is implemented only at the end of the manufacturing process
(encapsulation), i.e., once all the critical steps are completed and there is
no danger for wafer contamination. Unfortunately, this is not the case for
the i2-module, where the glass piece may cross-contaminate the wafer if the
contaminants present in the glass piece are released and come into contact with
the wafer surface. The release of contaminants may occur mostly by leaching
during glass etching in chemical solutions [138]. This phenomenon depends
on the glass composition and the amount of glass etched in the solution [139].
Therefore, it is important to understand the phenomena of leaching and study
its influence on the wafer cleanliness and surface passivation.

Among the chemicals used for standard semiconductor wet cleaning detailed
in paragraph 5.1.1, HF-based solutions are the most inclined to significantly
etch glass and cause leaching [138]. Therefore, the use of HF-based solution
during post-bonding cleaning may generate this leaching and contaminate the
baths. In turn, the cleaning of wafer in contaminated baths may degrade the
passivation [68]. To solve this problem, the majority of the glass substrates used
in this thesis consists of quartz, and, therefore, are free of possible contaminants.
No contamination is introduced during post-bonding cleaning and cleanliness
of the glass piece is excluded from possible causes for the degradation of the
passivation a priori.

Nonetheless, the use of quartz in future solar devices is unrealistic due to its
relatively high price [111]. Therefore, the possibility of using standard cheap
module glass in the post-bonding cleaning of the i2-module needs to be proven to
support the rentability of the device. For this reason, the phenomenon of leaching
and its influence on the a-Si:H passivation process is investigated elsewhere
[139]. Although this investigation is not performed under the framework of the
thesis, the main results obtained in ref. [139] are reported in the following for a
matter of completeness.

5.1.3 Etching, leaching and surface passivation

In [139], the glasses considered are of three types: quartz, borosilicate and
soda-lime, which are all distributed by Corning. The HF-based solution are HF
: HCl : H2O 1:1:20 (HF/HCl) and HF : H2O 1:100 (d-HF). The experiments
performed in [139] aimed at the evaluation of 1) the etching rate of the different
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type of glasses, 2) the type and amount of contaminants present in the HF-based
solution after immersion of the different glass pieces and 3) the effect on a-Si:H
passivation of the use of contaminated HF solutions during wafer cleaning.

Table 5.1 shows the etch rates of the different types of glass in HF/HCl and
d-HF. The etch rate increases from quartz to borosilicate and to soda-lime glass
and is faster in the HF/HCl solution. If leaching occurs, a higher etch rate may
lead to an increase in contaminant concentration in the bath.

Table 5.1: Etch rates of different types of glass in HF/HCl and d-HF solutions,
as reported in [139]. The etch rate of the quartz in d-HF is too low to be
evaluated with accuracy.

Glass Etch rate in HF/HCl [μm/min] Etch rate in d-HF [μm/min]
Quartz 0.03±0.01 Not Evaluated

Borosilicate 0.50±0.15 0.07±0.01
Soda-lime 0.86±0.02 0.25±0.03

The amount of contaminants leaching in the solution and redepositing on the
wafer are measured by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS [140]) and Vapor Phase Decomposition Droplet Collection Total Reflection
X-Ray Fluorescence (VPD-DC TXRF [141]). It is found that the contamination
introduced by quartz in the solution is below the detection limit, while both
soda-lime and borosilicate glasses release several species. These are: B, Na, Ca,
Cr, Cu, Fe, Ga, K, Zn, Mn and Sr, with the last two elements only observed in
d-HF solutions. Moreover, the concentration of these elements in solution is
within the order of 103- 104 ppb or 0.0001-0.001 %, depending on the time the
glass piece is immersed. The concentration of these elements on the surface of
silicon wafers immersed in contaminated solutions remains in the range 1x1010-
1x1011 at/cm2 even after a significant amount of glass is dissolved in the solution
(>1 g/L). These values are still below typical critical limits for semiconductor
processing [142], and, thus, immersion of borosilicate or soda-lime glasses in
HF-based solutions for a limited time does not increase the contamination above
critical levels.

Finally, the effect of the use of contaminated HF solutions during wafer cleaning
on the a-Si:H passivation is also evaluated [139]. This is done by FS and RS
a-Si:H passivation of FZ freestanding wafers (W = 200 μm, ρ = 2 Ωcm) cleaned
in SPM and contaminated HF solutions. The contaminated HF solutions tested
are HF/HCl and d-HF in which different amounts of quartz, borosilicate and
soda-lime glasses ranging from 0.1 g/L to 2.6 g/L are dissolved beforehand.
Solutions where no glass is dissolved are also prepared for reference. The layer
used for FS and RS passivation is a 7±1 nm-thick a-Si:H(i) deposited in the
AK1000 under the following experimental parameters: 20 mW/cm2 (Pinput),
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1.7 mTorr (Pressure), 160 sccm : 640 sccm (SiH4: H2 flow), 200 ◦C (Tdep).
Immediately after deposition, τeff is measured and reported in Figure 5.1 [139].
No changes between the τeff obtained on the different samples are observed.
Furthermore, no influence on the amount of glass etched in the solution is found
[139].

Figure 5.1: τeff measured by QSSPC on a-Si:H(i) / c-Si(n) / a-Si:H(i) wafers
cleaned in SPM and HF-contaminated solutions (HF/HCl, squares and d-HF,
circles) as a function of the type of glass dissolved in the solution.

As a conclusion, the use of commercial glass pieces during the wet cleaning
step of the a-Si:H passivation causes leaching of metals for an amount equal
to 103- 104 ppb. However, this amount of contaminants does not lead to
cross-contamination above critical levels and degradation of the passivation.
Therefore, the degradation of the passivation observed in section 4.3 is not
related to the use of glass during wet cleaning.

5.2 a-Si:H PECVD on wafer laying on glass

During a-Si:H PECVD, the substrate may interact locally with the plasma
discharge and influence the properties of the layer deposited [143, 144, 145, 146].
Hence, the layers deposited on wafers and on wafers bonded to glass may
not present the same characteristics, with this leading to changes in surface
passivation. Excluding the changes related to the presence of silicone that will be
discussed in chapter 7, the a-Si:H layer properties can change as a consequence of
glass-plasma interactions. Two possible glass-plasma interactions are considered
relevant for the present work and are investigated using wafer placed (laying)
on a glass piece without silicone. The first interaction is a temperature gradient:
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the temperature experienced by the wafer in direct contact with the electrode
may not be the same as the one experienced by the wafer laying on a glass piece,
depending on the heating system of the reactor and the characteristics of the
glass. Subsequently, the a-Si:H layer may be deposited at different temperatures
in the two cases and present different interfacial properties that will influence
the surface passivation [70]. Second, a change in substrate potential, with
this being a combination of a decrease in distance between the two electrodes
(interelectrode distance ID) and the introduction of an insulating material (glass)
in the plasma circuitry. Indeed, the ID decreases significantly in the case when
the deposition is performed on a wafer laying on a glass piece: standard silicon
wafers have a thickness in the range ~160-300 μm, while module glasses are
much thicker, i.e., in the range 0.5-3 mm. Since typical IDs for PECVD reactors
are in the range of a few centimeters, the difference in ID is not negligible. The
reduction in ID may have an impact on the a-Si:H properties [147, 148] and,
thus, on surface passivation. Furthermore, the introduction of an insulating
material, i.e., glass, between the wafer and the grounded substrate holder is
equivalent to the introduction of an additional capacitance in series with the
plasma circuitry [149]. Hence, the potential experienced by the wafer laying
on a glass piece may be different from the one experienced by the silicon wafer
and, once again, this difference may influence the a-Si:H properties and the
surface passivation. As such, it is crucial to understand the influence of these
two separate effects on the a-Si:H properties and the quality of the surface
passivation in order to limit the influence of glass on the a-Si:H PECVD and, if
necessary, optimize the a-Si:H deposition parameters according to the glass /
wafer stack.

5.2.1 Temperature Gradient

In the PECVD reactor used in the current study (OPT), the sample is maintained
at a constant temperature due to a series of heaters and temperature sensors
integrated in the substrate grounded electrode holder (see Fig. 5.3). Therefore,
the set temperature (Tset) is regulated according to the value of the temperature
measured at the bottom surface of the substrate (substrate grounded holder
temperature Thold). Depending on the accuracy of the system, a temperature
gradient may exist between Thold and the actual temperature at the top surface of
the substrate, i.e., where the a-Si:H layer is deposited (deposition temperature
Tdep). Furthermore, Tdep may also be influenced by the properties of the
substrate: differences may exist in case where the a-Si:H deposition is performed
on a silicon wafer or on a wafer laying on a glass piece (substrate carrier).
This is a result of the different thermal conductivity and thickness of the two
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substrates (149 W/(m*K) and 200 μm for the silicon and 1.3 W(m*K) and 700
μm for glass).

Due to the extreme sensitivity of the a-Si:H properties and surface passivation
to Tdep [70], it is essential to adjust Tset in order to maintain a constant
Tdep regardless of the substrate carrier used. To do so, two experiments are
performed.

In both experiments, several 125x125 cm2 700 μm-thick quartz glass pieces
are cleaned in SPM and HF/HCl. After cleaning, a 700 μm-thick 8” silicon
wafer specially designed for temperature calibration is placed on top of the
glass piece (without silicone) and the stack glass / wafer is introduced in the
PECVD reactor. Seven thermocouples are attached in seven different points
at the top surface of the wafer and connected to a multimeter that remains
outside the reactor chamber. In this way, the temperature measured by the
thermocouples is believed to be more representative for Tdep than for Thold. In
the first experiment, the glass substrate carrier and the wafer are exposed to
the same conditions of temperature (Tset), pressure, gas flow and time as the a-
Si:H(i) layer of the a-Si:H(i/n) stack (see Appendix B), without plasma ignition.
The temperature is measured in the 7 points at the moment corresponding to
the plasma ignition and compared to Thold and Tset. The same experience is
repeated with 0 (reference), 1, 2 and 3 glass substrate carriers. As a result of
the similar temperature and pressure conditions for a-Si:H(i), a-Si:H(n) and
a-Si:H(p), the temperatures measured in the case of a-Si:H(i) are assumed to
be representative also for a-Si:H(p) and a-Si:H(n).

Table 5.2: Tset, Thold and Tdep measured in the 1st (constant Tset) and 2nd
(variable Tset) as a function of the number of glass substrates between the
substrate grounded holder and the wafer.

1st exp ( ◦C) 2nd exp ( ◦C)
N. Substrates Tset Thold Tdep Tset Thold Tdep

0 250 255 219±0.8 250 255 218±1
1 250 250 208±0.7 261 264 221±0.9
2 250 252 197±2.2 272 270 220±1.5
3 250 253 192±1.8 285 288 220±3.2

The average Tdep recorded under the different configurations are reported in
Table 5.2 and Fig. 5.2. The actual Tdep is approximately 30 ◦C lower than
the Thold in the case where no glass substrate carrier is inserted between the
substrate grounded holder and the wafer. This gradient increases in the case
where 1,2 or 3 glass substrate carriers are introduced with a rate of approximately
12 ◦C / glass carrier.



60 INFLUENCE OF GLASS ON A-SI:H PASSIVATION OF BONDED WAFERS

Figure 5.2: Tdep (Average of 7 points) as a function of the number of glass
substrate carriers inserted between the substrate grounded holder and the wafer.
In the 1st experiments (squares) Tset is maintained fixed at 250 ◦C, and Thold
is indicated (underlined labels). In the second experiment Tset is adjusted in
order to maintain Tdep constant at 220 ◦C (circles) and the corresponding Thold
are indicated ( labels) .The lines are guides to the eye.

In the second experiment, the glass substrate carriers and the wafer for
temperature calibration are reintroduced in the plasma reactor similarly to the
first experiment, but the Tset for the different configurations (i.e., 1, 2, 3 glass
substrate carriers) is adjusted until Tdep is in the same error bar as the one
measured in the first experiment without any glass carrier, i.e., 220 ◦C. These
points are also reported in Table 5.2 and Fig. 5.2 together with the value of the
adjusted Tset and shows that the same Tdep can be achieved under different
substrate carriers configurations.

As such, a temperature gradient of approximately 12 ◦C/n. of glass substrates
is present when glass substrate carriers are inserted between the wafer and
the substrate grounded holder. The temperature gradient can be eliminated
by adjusting Tset accordingly to the number of glass substrates introduced in
the reactor. For further processing, Tset will be chosen on the basis of the
current calibration in order to maintain the same Tdep of 220 ◦C regardless of
the substrate carrier used.
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5.2.2 Substrate potential

The presence of an insulating substrate carrier between the grounded substrate
holder and the wafer modifies the field distribution in the plasma chamber [145].
The field may change as a consequence of reduction in interelectrode distance
(ID) and/or the introduction of an additional capacitance in the plasma circuitry.
These two effects are investigated separately in the following experiments using
conductive and insulating substrate carriers.

5.2.2.1 Methods

The samples used are 5x5 cm2 200 μm-thick, double-side optically polished
<100> Float Zone (FZ) wafers with resistivity ρ = 2 Ωcm and the glass pieces
used are semisquare of 125x125 cm2 700 μm-thick quartz. A schematic of the
reactor used in the study, i.e., the OPT, is represented in Fig. 5.3, together
with the parameters analyzed. Vp, Vf and Vg are the electrical potentials
in the bulk of the plasma (plasma potential), at the surface of the substrate
carrier (floating potential) and at the grounded substrate holder (grounded
potential), respectively, with Vg = 0 [149]. For this reactor and these wafers,
the maximum ID is equal to 24.8 mm and the potential at the surface of the
sample is approximated to the one at the surface of the substrate carrier Vf.

Figure 5.3: Schematic of the reactor and samples used. The different parameters
analyzed in the study are also indicated for the case of an insulating (left) and
conductive (right) carriers.

The samples and the glass pieces are cleaned in SPM and HF/HCl and are
immediately loaded into the PECVD reactor for single-side passivation. One
side of the sample is in direct contact with the substrate grounded holder and the
other side is passivated by an a-Si:H(i/n) layer. After the a-Si:H(i/n) deposition,
the samples are re-cleaned in SPM and HF/HCl and re-introduced in the reactor.
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A 8nm-thick a-Si:H(i) is deposited on the unpassivated side of the samples,
while the a-Si:H(i/n)-passivated side is in contact either with a conductive or
an insulating substrate carrier placed on the grounded substrate holder. The
a-Si:H(i) deposition parameters are: 50 mW/cm2 (Pinput), 1.7 Torr (Pressure),
75 : 25 sccm (H2: SiH4 flow). Plasma ignition is performed at 60 mW/cm2 for
2 s. Tset is modified according to the type of carrier placed on the substrate
grounded holder and following the calibration of paragraph 5.2.1 in order to
maintain Tdep at 220 ◦C for all depositions. The experimental parameters are
maintained constant in order to avoid their influence on the characteristics
of the plasma and the deposited layers [150] in order to study exclusively the
differences related to the presence of glass substrate. The influence of ID on
the surface passivation is studied in a first set of a-Si:H(i) depositions using
conductive substrate carriers (Fig. 5.3, right) by varying ID from 24.8 mm
to 21.3 mm. ID is changed adding one or more conductive substrate carriers
between the grounded substrate holder and the sample: a highly doped 700
μm-thick 125x125 cm2 p-type wafer with a ρ < 0.01 Ωcm2 (ID of 24.1 mm), a
2.8 mm-thick 8” round Aluminum (Al) plate (ID of 22.0 mm), and a stack of
Al plate with a highly doped wafer (ID of 21.3 mm). The thickness of the wafer
to be passivated is 200 μm and included in the measurement of ID. Due to the
high conductivity of the substrate carriers, Vf is assumed to be the same as Vg
regardless of the (conductive) substrate carrier used, i.e., Vf ≈ Vg ≈ 0. In this
way, only ID varies between the different depositions. The modifications on the
a-Si:H deposition related to the electrical properties of the substrate carrier are
investigated in a second set of a-Si:H(i) depositions: the ID is fixed at 24.1 mm
and the samples lay either on the highly doped wafer or on a quartz piece of
the same dimensions (Fig. 5.3). In the case of the quartz piece, Vf is floating
and assumed to be different from Vg, i.e., Vf 6= Vg because of the low electrical
conductivity of the quartz. A summary of the IDs and the substrate carriers
used is reported in Table 5.3.

Table 5.3: Summary of the IDs and the substrate carriers used during the
a-Si:H(i) depositions.

Carrier → Conductive Insulating
ID(mm) ↓ Vf ≈ Vg Vf 6= Vg

24.8 None (A) /
24.1 Wafer (C) Glass (B)
22.0 Al plate (D) /
21.3 Al plate and wafer /

Additional a-Si:H(i) layers of thicknesses in the range 2-30 nm are deposited
under the different conditions of the two sample sets in order to measure
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the deposition rate (rd) of the a-Si:H(i) layers. Immediately after a-Si:H(i)
deposition, the τeff of the wafers is measured by QSSPC [120]. The distribution
of hydrides [129] in the a-Si:H are measured by ATR-FTIR [125].

5.2.2.2 Results

Fig. 5.4 shows the rd and the τeff of the samples deposited with different IDs
on conductive and insulating substrate carriers.

Figure 5.4: Deposition rate rd (square, left axis) and lifetime τeff (circles, right
axis) of the a-Si:H(i/n) / c-Si(n) /a-Si:H(i) samples as a function of ID used
in the a-Si:H(i) deposition for conductive (full symbols) and insulating (open
symbols) substrate carriers. The lines are guides to the eye.

In the case of deposition on conductive substrate carriers, higher rd and lower τeff
are observed for decreasing IDs. When comparing the depositions on conductive
(highly doped wafer) and insulating (glass) substrate carriers performed at
the same ID (24.1 mm), rd is smaller and τeff is higher for insulating carriers.
Further, the values for insulating carriers are similar to the ones obtained for
depositions maximum ID (24.8 mm) without substrate carrier.

Fig. 5.5 shows the rocking-wagging (left) and the stretching (right) regions
of the FTIR spectra for 18 nm-thick a-Si:H(i) deposited under the different
configurations. The a-Si:H(i) layers deposited at lower rd, i.e., on the samples
in direct contact with the electrode (Fig.5.5, A) or the glass piece (Fig.5.5, B),
show a smaller peak at 2090cm-1 than the a-Si:H(i) layers deposited at higher
rd, i.e., on the samples in direct contact with the wafer (Fig.5.5, C) or the
Al plate (Fig.5.5, D). This difference indicates changes in the distribution of
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Si-H bonds in the a-Si:H layer [129]. No significant variations are observed in
the rocking-wagging mode around 610 cm-1, which suggests that no significant
variation in hydrogen content between the different layers exists.

Figure 5.5: Fig. 3 Rocking-wagging (left) and stretching (right) regions of the
FTIR spectra of a 18nm-thick a-Si:H(i) deposited on samples laying on different
carriers: electrode (A, ID = 24.8mm, dotted line), Glass (B, ID =24.1 mm,
solid line), Wafer (C, ID = 24.1, dashed line), Al plate (D, ID = 22.0, dashed
dotted line).

5.2.2.3 Discussion

An increase in rd related to a reduction of the ID is observed in literature for
different types of PECVD-deposited materials, ranging from a-Si:H to μc-Si
[148, 151]. Reduction of ID results in an increased plasma power density, electron
temperature and electron density [148]. As a consequence, the dissociation rate
increases. The difference between Vp and Vf also increases and therefore, the
ions hitting the sample have higher kinetic energy [152] and that causes the
layer to experience higher ion bombardment. Due to this increased dissociation
rate and ion bombardment, rd also increases.

The results of Fig. 5.4 show that the relationship between rd, Vp, Vf and ID
found for a conductive substrate carrier changes when an insulating substrate
carrier (glass) is used. Most likely this is because Vf cannot be approximated
to Vg in this case. Instead, it may be compared with the one of improper
carrier-to-electrode attachment treated in ref. [149]. In [149], a local air gap is
deliberately introduced between the grounded substrate holder and the sample,
and a local Vf different from Vg = 0 appears at the location of the air gap.
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Considering the sheath and the glass as purely capacitive, the relationship
between Vf and Vp can be calculated by a voltage division between the two
capacitors as described by the following equation [149]:

Vf = Zs

Zg + Zs
Vp (5.1)

with Zg and Zs being the impedance per unit area of the insulating substrate
and the plasma sheath respectively. Zg is the impedance of a parallel-plate
capacitor with a thickness tg and relative dielectric constant εg in between the
plates and corresponds to:

Zg = tg
ωε0εg

. (5.2)

Considering Eq.5.1 and [149] Vp > Vf > Vg= 0. The value of Vf is intermediate
between the values of Vp and Vg because the glass substrate is laying down
on the electrode, therefore there is an electric connection between the two
materials. If the substrate was suspended in the reactor, it would acquire a
negative potential because of electron charging [145]. Hence for a Vf > Vg, the
difference between Vp and Vf is smaller than the difference between Vp and
Vg. Therefore the energy of the ions reaching the insulating substrate carrier is
lower than the one of the conductive substrate carrier, and ion bombardment
decreases. Conversely, no changes in the Vp and therefore in the dissociation rate
should occur. The difference between Vf and Vg depends on the characteristics
of the insulating substrate carrier, frequency of the generator and deposition
parameters, as shown in [153]. The rd observed for the film deposited on the
glass piece at ID = 24.1 mm (B), i.e., rdB at VfB > VgB and for the film
deposited on the electrode at ID = 24.0mm (A), i.e., rdB at VfA = VgA, are
similar, and this results in rdB ≈ rdA. Assuming that in the range studied rd is
linear function of the potential, as is the case for non-flow limited depositions
[154], the similarity between rdB and rdA means that the potential on the
sample is similar in the two cases: VfB can be approximated to VgA and hence
VfB ≈ VfA = VgA. The equivalence of VfB and VgA also shows that from an
electrical point of view, the replacement of a conductive substrate carrier by an
insulating substrate carrier is equivalent to an increase in ID. This phenomenon
is in line with the correlation between ID, dissociation rate and energy of ion
bombardment experienced in the case of a conductive substrate carrier. As such,
the different rds recorded in Fig. 5.4 can be attributed to the modification of
Vp - Vf in the different experimental setups. This difference is modified either
by a reduction in ID (in the case of a conductive carrier) or by reduction in ID
and introduction of an insulating substrate carrier between the c-Si substrate
and the grounded substrate holder.
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The results also show that reducing rd improves the surface passivation. The
better surface passivation is usually associated with lower interface defect state
density (Dit) at the a-Si:H(i) / c-Si interface [155]. A reduction in Dit can be
obtained both by improving the cleanliness of the wafer surface prior to a-Si:H
deposition and by decreasing the defect state density Da-Si:H in the a-Si:H
layer [68]. The cleaning sequence experienced by all samples is identical, and,
therefore, the changes in passivation must be linked to the Da-Si:H of the a-Si:H
layer. Although no experimental proof is provided to show lower Dit or lower
Da-Si:H in case of the layers deposited at lower rd, the characteristics of the
a-Si:H layer may be an indicator of different Da-Si:H in the different layers.
Fig. 5.5 shows an increase in the SiH2 peak at 2090 cm-1 in the case of higher
rd not correlated with an increase of the total hydrogen content. Hence, the
increase in SiH2 must correspond to a less effective incorporation of hydrogen
in the a-Si:H layer [156]. Literature reports similar correlations between the
area of the SiH2 peak and rd for a-Si:H layers deposited at different input
power densities (Pinputs) [153]. This trend is attributed to higher microvoid
density incorporated in layers deposited at higher rd [156] and is considered
a sign of a more defective layer [157]. Therefore, the lower microvoid density
observed in the a-Si:H layers may indicate a lower Da-Si:H , which can justify
the improvement in surface passivation.

In order to verify that higher τeff is obtained when the rd is reduced by means
of reducing the difference between Vp and Vf, an additional experiment is
performed. In this experiment, the variations of Pinput, Vp and Vf are controlled.
34 nm of a-Si:H(i) are deposited on both sides of clean FZ samples using the
same conditions of temperature, pressure and gas flow as detailed previously.
The ID is fixed at 22.0 mm using the Al plate and the input power density is
changed from 33 mW/cm2 to 66mW/cm2. In these conditions, Vf ≈ Vg and Vp
increases linearly with Pinput [149]. Therefore, a controlled variation of Pinput
corresponds to a controlled variation in Vp and subsequently in the difference
between Vp and Vf. τeff and rds are measured and reported in Fig. 5.6. For
comparison, τeff and rds obtained varying the ID on conductive carriers are also
reported. Higher Pinputs, i.e., larger difference between Vp and Vg leads to
higher rd and lower τeff. This trend is the same as the ID series and supports
the hypothesis of the detrimental effect of a higher ion bombardment on τeff
in the range of Pinput considered. The absolute values of τeff obtained when
varying Pinput and ID are quite different, but this may simply be related to
the different layers used for passivation: 34 nm-thick a-Si:H(i) on both sides
of the samples deposited at different Pinput and 27 nm-thick a-Si:H(i/n) and 8
nm-thick a-Si(i) on the two sides of the samples deposited at different IDs.
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Figure 5.6: Evolution of lifetime τeff as a function of the deposition rate rd for
the series of sample deposited at different Pinput and fixed ID of 22.0 mm (full
squares) and the series of samples deposited at different ID and fixed Pinput of
45 mW/cm2 on conductive carriers (open circles). The lines are guides to the
eye.

5.2.2.4 Conclusion

The influence of insulating and conductive substrate carriers on the substrate
potential and on a-Si:H surface passivation is studied. The presence of a
conductive carrier between the foil and the substrate grounded holder leads to
an increase in the a-Si:H deposition rate rd, which is detrimental for the sample
lifetime τeff. This phenomenon is attributed to the decrease in interelectrode
distance ID and increase Vp, which leads to a higher dissociation rate and
higher ion bombardment. As a consequence, the a-Si:H layer deposited is less
dense and presumably more defective. Conversely, the presence of an insulating
carrier between the wafer and the grounded substrate holder lowers the ion
bombardment during a-Si:H growth as a consequence of formation of a floating
potential Vf higher than the grounded potential Vg. The presence of Vf > Vg
lowers rd, improves τeff and is dependent on the characteristics of the plasma
sheath and glass. In the experimental case studied here, no differences are
recorded in the quality of the surface passivation between a-Si:H deposition
performed on the substrate grounded holder and the ones performed on the
glass piece. These two conditions correspond to a-Si:H deposition performed
on standard silicon wafers and foil bonded to glass respectively. Therefore,
in this particular case when a glass piece is introduced between the substrate
grounded holder and the foil there is no need to adjust the parameters of the
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a-Si:H deposition.

5.3 Summary

The different interactions between the glass and the steps of wafer cleaning and
a-Si:H PECVD are discussed, and their influences on the surface passivation
of bonded wafers are identified. During wafer cleaning, the immersion of glass
into HF-based solution generates leaching of certain contaminants that are
redeposited on wafer surfaces in quantities below critical limits (< 1011 at/cm2)
and, hence, do not influence surface passivation. During a-Si:H PECVD, glass
has two main effects. One one hand, it lowers the deposition temperature
Tdep . On the other hand, it reduces the interelectrode distance ID and modifies
the field distribution in the chamber, setting the potential experienced by
the wafer to a floating value Vf higher than the grounded potential Vg. As
a consequence, this reduces the ion bombardment during a-Si:H growth and
implies opportunities for passivation improvement. Furthermore, it is also found
that Vf depends on the characteristics of glass and the PECVD reactor. Due to
this correlation, in the present case no differences are observed between surface
passivations performed on the substrate grounded holder or on a wafer laying
on glass pieces.

In the light of these observations, a single recommendation is given to eliminate
the influence of glass on the surface passivation of bonded wafers and adapt
the surface passivation process to the i2-module device: Tset of a-Si:H PECVD
performed on wafer bonded to (a single) glass piece must be chosen 12 ◦C higher
than the one of a-Si:H PECVD performed on a freestanding wafer in order
to maintain the same Tdep in both cases. All depositions performed in the
following chapters will follow this recommendation if not otherwise stated.



Chapter 6

Influence of silicone on
cleaning of bonded wafers

In this chapter, the influence of silicone on the cleaning of bonded wafers
is described. The chemical compatibility of silicone, the wafer surface
contamination occurring during bonding and the possibility to remove this
contamination during post-bonding cleaning are studied. Furthermore, the
interaction between silicone and different wet chemistries its influence on the
wafer cleanliness are reported.

6.1 Introduction

Literature shows that PDMSs can be degraded when exposed to several cleaning
solutions used in RCA and IMEC cleaning sequences [158]. Furthermore, the
silicones may also release in the solution molecules or fraction of molecules
that cause cross-contamination and compromise the surface passivation. These
two phenomena, i.e., silicone degradation and cross-contamination, should be
avoided to fulfill the requirements for the cleaning of bonded wafers prior to
a-Si:H PECVD stated in paragraph 5.1.1. For these reasons, the cleaning of
bonded wafer prior to a-Si:H PECVD is investigated in the following paragraphs,
with specific focus on the chemical compatibility of silicone.

69
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6.2 Chemical compatibility of Silicone

Literature reports comprehensive chemical resistance charts [107, 158], which
describe recommendations for use of chemicals on PDMS. These charts are a
good starting point to make an estimation on the chemical compatibility of
silicone for the post-bonding cleaning-step. An excerpt from the chart in [158]
listing the compatibility of PDMS with chemicals suitable for post-bonding
cleaning is reported in Table 6.1.

Table 6.1: Chemical compatibility of silicones with different chemicals. A:
compatible up to 120 ◦C, B: up to 100 ◦C, C: up to 80 ◦C, D: up to 60 ◦C, E:
up to 40 ◦C, R: Room Temperature, X: not recommended, *: some mechanical
damage possible, NA: not reported.

Chemical Formula Concentration [%vol] Used In Compatibility
Acetone C3H6O Trace Cleaning R

Ammonium Hydroxide NH4OH 56 Cleaning (SC1) R
Hydrochloric Acid HCl ≤35 Cleaning (SC2) R
Hydrofluoric Acid HF ≤5 Cleaning (HF Dip) R
Hydrogen Peroxide H2O2 ≤5 SC1,SC2, SPM D
Isoprophyl Alcohol C3H8O 100 Cleaning R

Nitric Acid HNO3 ≤10 HF:HNO3 R*
Sulfuric Acid H2SO4 10-100 Cleaning (SPM) X

Tetramethyl Ammonium
Hydroxide (TMAH)

C4H13NO / Silicon Etch NA

According to Table 6.1, several chemicals are not recommended or limited to
certain temperatures and/or concentrations when used together with the silicone.
For example, this is the case for sulfuric acid (H2SO4), used in the SPM step of
the IMEC clean and for hydrogen peroxide (H2O2) at temperatures above 60 ◦C,
used in the SC1 and SC2 steps of the RCA clean (see paragraph 4.1.3). These
results imply that the use of standard cleaning sequences on bonded wafers may
induce silicone degradation. In turn, this degradation may also influence the
a-Si:H / c-Si passivation.

Therefore, the chemical degradation of the silicone in contact with different
chemicals and the cross contamination of the silicon surface during the process
steps of bonding and post-bonding cleaning are evaluated with an experiment.

6.3 Contamination and cleaning efficiency

The samples of the experiment are fabricated using the same wafers and glass
pieces as detailed in paragraph 5.2.2.1. Three types of samples are prepared
(Fig. 6.1): freestanding wafers that remain under clean room atmosphere (type
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I), bonded wafers with a blanket structure (type II) and freestanding wafers
that simulate the wafer bonding process (type III). The three types of samples
are chosen to reference uncontrolled contamination (type I) and investigate
contamination coming from the presence of silicone during the bonding process
and post-bonding cleaning (type II) or coming exclusively from the bonding
process (type III): the comparison between type I and type III can indicate if the
contamination is present already during the bonding process, while comparison
of type I, type II and type III samples can indicate if contamination occurs
during the post-bonding cleaning and/or if there is any chemistry able to remove
organic contamination originating during the wafer bonding (if any).

Figure 6.1: Samples used in the experiments: freestanding wafers that remain
under clean room atmosphere (type I), bonded wafers with the blanket structure
(type II) and freestanding wafers that simulate the wafer bonding process, but
are not bonded (type III).

The sample processing is described in the following. All samples are cleaned in
SPM and HF/HCl. A SC2 cleaning step is performed in order to grow a thin
(<2 nm) chemical oxide and create an hydorphillic surface. Type I samples
remain under clean room atmosphere, type II samples are bonded following
the standard process detailed in paragraph 4.1 and placed in a vacuum oven
together with the type III samples for an outgassing step at 200 ◦C for 60 min.
This outgassing is needed to remove certain silicone-process interactions during
the step of a-Si:H PECVD, which will be fully described in paragraph 7.2.
Afterward, the samples are immersed in the different chemical solutions detailed
in Table 6.2. The solutions are prepared in different beakers for the three types
of samples, in order to avoid cross-contamination between the different samples.
The chemistries are chosen among the standard chemical solutions used for
semiconductor processing [159] accounting for the recommendation of Table 6.1.

The hydorphillic character of the surface is measured by contact angle (CA)
performed on each sample after wafer bonding and after immersion in the
chemicals of Table 6.2. CA is chosen as a fast technique to indicate possible
presence of organic contamination on hydrophilic surfaces, such as a silicone-
induced contamination on chemically-grown silicon oxide. After immersion in
the different chemicals, the silicone surface is also inspected with the optical
microscope.
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Table 6.2: Solutions used for the tests of chemical compatibility of silicone.

Solution Chemicals Vol. Concentration Temperature Time
SPM H2O2:H2SO4 1:4 80 ◦C 10 min

Silicon Etch HF:HNO3 1:80 40 ◦C 5 min
SC1 (HT) NH4OH:H2O2:H2O 1:1:5 >75 ◦C 10 min
SC1 (RT) NH4OH:H2O2:H2O 1:1:5 25 ◦C 10 min
SC2 (HT) HCl:H2O2:H2O 1:1:5 >75 ◦C 10 min
SC2 (RT) HCl:H2O2:H2O 1:1:5 25 ◦C 10 min
HF/HCl HF:HCl:H2O 1:1:24 25 ◦C 2 min
TMAH C4H13NO: H2O 1:40 40 ◦C 5 min

After bonding (and outgassing), the CA reported differs for samples I, II and III.
While the CA of sample I is 6.1±0.2◦ and the surface is hydrophilic as expected
[159], the CA of sample type II and III is 104.9±0.6◦ and 104.5±0.9◦ respectively.
The difference between sample type I and sample type II and III indicates
changes in the wafers surface. Specifically, he similar high CAs measured on
samples type II and III indicate that an organic-based contamination occurring
during the second outgassing. The vacuum oven used for the second outgassing
is ensured to be clean, and, therefore, the organic contaminants must originate
from the silicone. Moreover, during the bonding process the wafer surface and
the silicone are never in direct contact. This indicates that the contamination
may occur through surface adsorbance of molecules outgassed from the silicone
itself. Although only hypotheses can be suggested for the mechanism of surface
contamination during bonding, these results undoubtedly suggests to the need
for an efficient post-bonding cleaning sequence of bonded wafers prior to a-Si:H
PECVD.

The immersion of the samples in the chemistries of table 6.2 leads to very diverse
effects according to the solution used: the modification of the silicone and the
CAs measured are reported Fig. 6.2 and 6.3, respectively.

In some cases, strong silicone degradation is witnessed (Fig. 6.2). The part of the
silicone directly in contact with the chemical can be completely detached from the
glass piece and curled on the wafer (HF:HNO3, Fig. 6.2, b), completely removed
(SPM (Fig. 6.2, c), or moderately shrunk on the external perimeter (SC2 at HT,
Fig 6.2, d). Despite the silicone degradation, most of the wafer surface remains
wet after immersion in water: hydrophilicity is re-established, suggesting removal
of organic contamination coming from the bonding process. This double result,
i.e., removal of organic contamination and silicone degradation, also supports
the hypothesis of silicone as source of the organic contamination observed.
The contamination is present on the wafer surface and in the silicone, and is
removed indiscriminately on both materials, causing wafer cleaning and silicone
degradation. This also means that these chemical solutions are not compatible
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Figure 6.2: Silicone degradation observed after immersion in different chemical
solutions. Pristine (a, bottom left), HF:HNO3 (b, top left), SPM (c, top right),
SC2 at HT (d, bottom right).

Figure 6.3: CA of samples type I (squares), type II (up triangles) and type
III (circles) measured on the silicon wafer before and after immersion in the
different solutions. The CA for samples immersed in solution that induce silicone
degradation are not represented.
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with the silicone and cannot be included in a suitable post-bonding cleaning
sequence.

In some other cases, i.e., SC1 (RT) and HF/HCl, the aspect of the silicone is
maintained and the surface hydrophilicity changes significantly only in samples
of type I. The CA of the type II and III samples is very similar (90◦) before
and after the post-bonding cleaning for both solutions, while the CA of type I
samples changes to values mentioned in literature [159]: below 4◦ for SC1 and
approximately 77◦ for HF/HCl. These results also agree with the hypothesis
that the silicone is a source of contamination: these chemistries used under the
conditions listed in table 6.2 do not remove the contamination, whether this is
present on the wafer surface or in the silicone. Furthermore, this result does not
exclude the possibility of finding other conditions that can lead to an efficient
post-bonding cleaning. However, in that case the risk for silicone degradation
may also increase.

A third set of chemistries leads to changes in the wafer hydrophilicity for all
samples, while the silicone appearance remains intact. This is the case for SC1
(HT), SC2 (RT) and TMAH. Although the difference between type I samples
and type II and III samples is still significant, a change in CA is recorded for
all samples, which may indicate partial or complete removal of the organic
contamination occurred during wafer bonding. However, with the data in hand,
this remains an hypothesis to be confirmed. Furthermore, in cases of very long
(>30 min) sample immersion in TMAH, the wafer surface of type II sample
darken, while this phenomenon is not observed in the sample type I and III.
This result can indicate the presence of additional interactions between the
TMAH chemistry and the silicone not detected by CA and for this reason,
is studied further. Specifically, the surface roughness of the three types of
samples is evaluated after immersion in TMAH for 5’ with measurements of
High Resolution Profilometry (HRP) [160]. Prior to immersion in TMAH, the
root mean square of the roughness (Rrms) is 1.2±0.3 nm for all three samples,
but after immersion the roughnesses of sample type I and III are similar (1.4±0.4
nm and 1.6±0.4 nm respectively) and slightly lower than the one of sample
type II (3.1±0.6 nm). These results suggests that the increase in roughness is
mainly linked to the presence of silicone in the TMAH solution together with
the wafer, and not related to the state of the surface after bonding.

The increased roughness can be explained referring to the etching chemistry of
silicon and silicone in TMAH. TMAH etches the different silicon crystal planes
at different rates [161], and therefore the roughness of the etched surface can
range from the nanometer to micrometer scale [162]. The change in roughness
depends on a series of factors, such as solution temperature, TMAH dilution in
water and presence of organic-based additives [161, 162, 163, 164]. For instance,
concentrations above 22% and temperatures above 80 ◦C leads to smooth
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surfaces [162], while low concentration, low temperatures and the presence of
organic additives such as IPA or methanol leads to rough surfaces and, in certain
cases, to the formation of random pyramids [165, 166]. Additionally, TMAH is
also used to remove cured silicone from encapsulated circuits [167, 168, 169].

In the light of this information and the results obtained, an hypothesis can
be formulated to explain the increase of surface roughness and the darkening
phenomena witnessed in sample type II. When the sample is immersed in the
solution, the silicone is degraded by the TMAH and releases organic molecules.
This degradation is not seen by the naked eye, and thus, is not as strong as
the one reported in Fig. 6.2. The released molecules may play the role of
organic additives in the TMAH solution and increase etching anisotropy: the
surface roughness of the sample increases, the surface reflectance decreases and
therefore, the sample darkens. Despite this increase in surface roughness, the
CA of type II and III samples are comparable, which indicates that the change
in etching chemistry due to the presence of the silicone in the solution does not
lead to an increase of the organic contamination on the wafer surface.

6.4 Summary

To conclude, contamination of the wafer surface occurs during the process of
wafer bonding. Most likely, this contamination is organic-based and originates
from the silicone. Although the nature of the contaminants is not determined,
the need for surface cleaning prior to a-Si:H PECVD is clear. Therefore,
the surface of the bonded wafer has been cleaned with different wet cleaning
chemistries commonly used in semiconductor processing. It is found that,
under the experimental conditions of temperature, concentration and immersion
times selected, the chemistries able to remove the contamination induce silicone
degradation. At the same time, the chemistries that do not degrade the silicone
cannot easily remove the surface contamination. This result supports the
hypothesis of silicone as source of the contamination and, above all, highlights
the contradictory requirements of the process: on the one side, the surface needs
to be cleaned from silicone-originating contaminants and on the other side,
the silicone needs to be preserved. This contradiction is not solved with the
cleaning solutions tested, but it may be under different experimental conditions
or with more complex cleaning sequences. However, the investigation of a larger
experimental matrix to efficiently clean the surface of bonded wafers while
preserving the silicone is not further pursued. The reason for this is that the
thesis focuses on the achievement of comparable passivation on freestanding and
bonded foils, and not only on the cleaning of wafers bonded to glass. Therefore,
alternative solutions in combination with the process of a-Si:H PECVD are
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proposed in order to solve this inconsistency, and these will be detailed in the
following chapters.



Chapter 7

Influence of silicone on a-Si:H
PECVD of bonded wafers

In this chapter, the influence of silicone on the a-Si:H PECVD on bonded
wafers is described. First, the possible silicone-process interactions during a-Si:H
PECVD, i.e., outgassing and plasma-induced interactions are detailed. Secondly,
the influence of the outgassing on the a-Si:H passivation of bonded wafers is
investigated with the help of a dedicated test structures. Recommendations to
eliminate this influence are provided. Thirdly, the modifications induced on
the silicone by the silane plasma and their effect on passivation are discussed.
Finally, on the basis of these results, a novel approach for the continuation of
the research is proposed.

7.1 Silicone-process interactions during a-Si:H
PECVD

a-Si:H PECVD is performed under conditions of temperature below 250 ◦C
and pressure of a few Torrs [75]. These conditions are mild for silicon, while
they may be considered harsh for silicone [170] and hence, induce thermal
degradation of the material [117]. Furthermore, during PECVD, a plasma
discharge is generated in order to deposit a-Si:H on the bonded wafer. The
deposition operates by the concurrent diffusion of reactive species (radicals)
and acceleration of ionized species (ions) generated in the bulk of the plasma
and directed towards the substrate. As a by-product of the gas dissociation,

77
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light at different wavelengths is also emitted. Therefore, during a-Si:H PECVD,
the surface of the silicone comes into contact with radicals and/or ions and
is irradiated by light at different wavelengths. These four mechanisms, i.e.,
thermal-induced degradation, radicals-silicone contact, ions-silicone contact and
light irradiation are the possible causes for interactions between the silicone
and the a-Si:H PECVD [171].

7.1.1 Thermal-induced interactions

The behavior of polydimethylsiloxanes (PDMS) at high (100 ◦C-800 ◦C)
temperature is extensively treated in literature [172, 173, 174] and different
phenomena occurring below and above 300 ◦C are indicated.

Below 300 ◦C, i.e., in the range of temperatures for a-Si:H PECVD, the
phenomena are specific to the PDMS formulation. If Si-OH or Si-H groups
are present in the material, these can lead to crosslinking by condensation
and increase the molecular weight Mw of the silicone [172]. If volatile organic
compounds are contained in the PDMS, these will evaporate if the material is
exposed at temperature close or above their boiling point, and lead to outgassing.
This is the case for PDMSs containing cyclic oligomers, i.e., cyclic molecules of
few dimethylsiloxane D-units, also called cyclics or Dx, where x is the number D-
units present in the cycle. These molecules can evaporate at lower temperature
than linear PDMS because of their low Mw [175]. As a reference, an example of
D3 is represented in Fig. 7.1 (right) and the theoretical boiling temperatures
(Tes) for D3, D4, D5 and D6 are summarized in Table 7.1 [175]. Not that Tes
increases with the number of D-units present in the cyclic molecule.

Table 7.1: Theoretical boiling temperatures of D3,D4, D5 and D6 [175].

Cyclic D3 D4 D5 D6

Boiling Temperature at 1 atm ( ◦C) 140 175 211 245

Above 300 ◦C, all studies report consistent results on the presence of a thermal
degradation mechanism [172, 174]. Indeed, above 300 ◦C, PDMS degrades
through end-chain depolymerization: the end of the linear silicone chain folds
on itself and forms an energetically favorable cyclic transition state. Subsequent
bond rearrangement leads to elimination of the cyclic transition state through
Si-O bond scission, chain shortening and formation of a cyclic oligomer (Fig.
7.1). The amount of Dx produced by depolymerization depends on the number
of D-units per cycle. The trimer (D3) is the most abundant product, with
irregularly decreasing amount of tetramer (D4), pentamer (D5), and higher



SILICONE-PROCESS INTERACTIONS DURING A-SI:H
PECVD 79

oligomers (D6, D7,...) [173]. Once formed, Dx are removed from the PDMS by
evaporation.

Figure 7.1: PDMS molecular depolymerization mechanism and formation of a
trimer D3,taken from [174].

In the light of these considerations, it can be presumed that the exposure of the
silicone to typical temperatures for PECVD (< 250 ◦C) may principally lead to
outgassing, while material depolymerization is unlikely to occur.

7.1.2 Plasma-induced interactions

The nature of the plasma-silicone interactions can vary according to the
properties of the PDMS [176] and the type of plasma the silicone is exposed to.
While the properties of the silicone used in this thesis are detailed in Chapter 2,
an idea of the characteristics of the plasma can be withdrawn from the features
of the a-Si:H layers deposited and the parameters of the depositions. The
excellent values of lifetimes in the range of 3-20 ms obtained on double side
passivated freestanding FZ wafers (Appendix B) suggests that the a-Si:H layers
deposited are of optoelectronic quality, i.e., highly hydrogenated and with very
low defect density Da-Si:H (see paragraph 2.2). Furthermore, the layers are
deposited under conditions of low power density (< 50 mW/cm2), low silane
partial pressure (< 0.5 Torr) and hydrogen dilution (1:3 or 1:4 of SiH4: H2
flow). According to literature, these conditions indicate that:

1. the silane is mainly dissociated in monomers, with SiH3 being the most
abundant species followed by SiH2 and SiH [177, 178];

2. the deposition is chemically-driven, i.e., the contribution of ions to the
growth is limited to values below 15% (for a-Si:H material) [179];

3. the strongest light emissions occur at wavelengths of 288 nm, 412 nm,
486 and 656 nm and attributed to Si, SiH and H transition radiations
[180, 181].
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With this information, it is possible to discriminate the plasma-silicone
interactions that are likely to occur in the current case. These are:

1. Formation of chemical bonds between the silicone surface and the a-Si:H
film. Indeed, the high number of SiHx radicals can react with silicone
reactive sites or with remaining ethylene bridges. These two reactions are
similar to the ones that generate radicals-induced and addition-induced
crosslinking respectively [79]. Thanks to this interaction, an interface
between the a-Si:H layers and the silicone can be formed, providing
adhesion of a-Si:H to the silicone.

2. Photo-induced bond breakage. The silane plasma emits light at different
wavelengths, i.e., at different energies. If the light is emitted at energies
that are superior to the ones of the chemical bonds of the silicone, these
bonds can break and form reactive sites [182]. Table 7.2 reports the
energies of the strongest light emission in hydrogen diluted silane plasma,
and the ones of the different chemical bonds of the silicone. Table 7.2
shows that the energy emitted by the different species is lower than the
ones of the Si-O bonds, therefore these bonds are not subject to photo-
induced breakage. Conversely, the energy emitted by the Si transition is
higher than the ones of the Si-C and C-H bond and can cause breakage
of these bonds. A breakage of Si-C bonds implies a release of a CH3

·

radical in the plasma atmosphere and the creation of a reactive site on
the silicone backbone. Given the reactive nature of the active site and
the CH3

·, the bond breakage can trigger other reactions. On one hand
the reactive site can either react with SiHx radicals as described earlier or
causes silicone oxidation and cross-linking [79]. On the other hand, the
CH3

· radical can behave similar to a SiHx radical and take part in the
a-Si:H layer deposition. Similar phenomena can occur at the C-H bond,
with the formation of a H· radical and a Si−CH2

· reactive site.

3. Ion-induced (physical) and radical-induced (chemical) etching [183, 184].
Ions that are strongly accelerated towards the silicone can also lead to
bond breakage and, in certain case, to physical etch of the silicone. Equally,
certain gas species such as oxygen or SF6 can react with the silicone and
lead to chemical etch. However, these phenomena can be considered
negligible in the current case because the amount of ions reaching the
sample is limited and no corrosive gases exist in the plasma. Furthermore,
in this configuration the reducing effect of hydrogen on the silicone is
limited [185].

Unfortunately, it is rather difficult to separate the impacts of the thermal-
induced and the plasma-induced interactions on the a-Si:H passivation. This is



STUDY OF THE SILICONE OUTGASSING 81

Table 7.2: Energy (and wavelength) of the strongest light emitted from the
dissociation of different species in a hydrogen diluted plasma (left) and energy
of the chemical bonds of the silicone (right).

Emitting Species En (eV) Wavelength (nm) Chemical Bond En (eV) Wavelength (nm)
Si 4.3 288 Si-O 4.8 258
SiH 3.09 412 C-H 4.2 295
H 2.55 486 Si-C 3.3 375
H 1.89 656

because the a-Si:H layers used in the study are always deposited at temperatures
at which silicone outgassing may occur, even without plasma ignition. Therefore
the silicone is always concurrently exposed to possible thermal- and plasma-
induced degradation. Furthermore, the interactions between silicone and the
wet chemistries witnessed in Chapter 6 may also manifest and contribute to
the degradation of passivation. Nevertheless, the different interactions can be
discriminated by their triggering conditions: while a direct contact to the plasma
atmosphere or the chemical solution is necessary to generate plasma-silicone
interactions or wet chemical degradation (contact interactions), no direct contact
is needed to start outgassing (contactless interactions). Indeed, the outgassing
is caused by simply leaving the silicone at high temperature. This difference is
exploited in the research in order to study separately the thermal-induced and
plasma-induced effects.

7.2 Study of the silicone outgassing

In this section, in order to examine the influence of the silicone outgassing during
a-Si:H PECVD, samples bonded with a specific test structure are outgassed at
different conditions before a-Si:H PECVD. First, the quality of the passivation
and the characteristics of the a-Si:H layer are evaluated as a function of the
outgassing conditions. Second, the changes in the silicone structure due to
the outgassing step are documented. These analysis are then correlated and
hypotheses on the influence of the outgassing on the a-Si:H / c-Si passivation
are formulated.

7.2.1 Shielded test structure

A specific test structure is designed to separate the degradation of the passivation
induced by contact and contactless effects, i.e., wet chemical or plasma induced
degradation (contact) and outgassing (contactless). This structure is a wafer /
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silicone / glass stack, bonded with a silicone area smaller than the wafer area
(Fig. 7.2). The area of the wafers is fixed at 5x5 cm2, while the area of the
silicone is 4.2x3.2 cm2. In this way, the silicone is free to outgas, while the
contact with the chemical solution and the plasma atmosphere are limited. In
the following, this structure will be called the “shielded structure”.

Figure 7.2: Scheme of the shielded structure used.

7.2.2 Methods

The wafers and the glass pieces chosen are the same as the ones used in paragraph
5.2.2.1. Two kinds of samples are prepared (Fig. 7.3).

Figure 7.3: Scheme of the Type I (left) and type II (right) samples used.

The first type of samples (type I) are bonded and freestanding wafers for τeff
analysis and are processed as follows. The wafers and the glass pieces are
cleaned separately employing SPM and HF/HCl. After cleaning, the wafers
are loaded into the OPT reactor for FS a-Si:H(i/n) passivation performed at
a Tdep of 220 ◦C. The other deposition conditions are reported in Appendix
B. The total processing time of the a-Si:H(i/n) deposition is approximately 15
min, including the steps of loading, temperature stabilization and unloading.
After a-Si:H deposition, approximately 30 μm of silicone is screenprinted on
the glass pieces over an area of 3.2x4.2 cm2 following the bonding procedure
reported in paragraph 4.1.5. Once bonded, the samples undergo an outgassing
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step in the same vacuum oven as used for the curing step. The conditions chosen
for the outgassing are: (A) 15 min, 100 ◦C; (B) 60 min, 100 ◦C; (C) 15 min,
200 ◦C; and (D) 60 min, 200 ◦C. The outgassing conditions are chosen in order
to expose the sample to conditions similar to the ones used during a-Si:H(i/n)
deposition (i.e., approximately 200 ◦C for 15 min). After bonding, the samples
are cleaned by immersion in HF:HNO3 and HF/HCl solutions. HF:HNO3 is
chosen on the basis of the results of paragraph 6.3: the contamination occurring
during the bonding step can be removed, although the silicone can be damaged.
However, in the shielded structure, the silicone is sandwiched between the wafer
and the glass piece and the silicone area that effectively is in contact with the
chemical solution is limited. For this reason, in this part of the investigation,
the effects on the surface passivation of outgassing are hypothesized to be
more significant than the one of silicone damage. A more accurate analysis on
the effective contribution of these two effects is performed later in the thesis
(paragraph 8.1.2.3), considering wafers bonded with a blanket structure. Finally,
the RS of the sample is passivated with the same a-Si:H(i/n) layer as for the
FS. Freestanding samples follow the same process steps of SPM and HF/HCl
cleaning, FS passivation, HF:HNO3 and HF cleaning. Afterward, they undergo
a double deposition of a-Si:H(i/n) on the FS and on the RS of the wafer, since
the FS passivation is removed during the HF:HNO3 step. Both bonded and
freestanding wafers are analyzed by ATR-FTIR [125] and τeff is measured by
QSSPC [120] and PL [121].

The second type of samples (type II) are volumes of 20 cm3 of silicone prepared
and outgassed in aluminum cups at conditions A, B, C and D mentioned above,
in addition to the first curing step of 100 ◦C for 15 min in vacuum (see paragraph
4.1.5). Volumes of 1 cm3 of silicone are extracted from each aluminum cup
and immersed for 24 h in acetone to ensure desorption of volatile species. A
drop of acetone (1 µL) is then analyzed by gas chromatography [186]. This
technique consists in the introduction of the sample in a tube heated to a desired
temperature and filled with an inert gas. Due to heating, the species contained
in the sample are evaporated and carried by the inert gas to the analyzer,
where they are separated according to their molecular weight Mw [186]. These
measurements enable the quantitative detection of the amount of volatile species
remaining in the silicone volume after the different outgassing conditions. In
this way, the molecules that can still outgas during the a-Si:H(i/n) depositions
are indirectly quantified and possible differences between the chromatographic
spectra can be related to the differences in outgassing conditions.
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7.2.3 Results

7.2.3.1 a-Si:H modifications

The average values of the τeff at 1×1015 cm-3 of freestanding and bonded type
I samples outgassed at conditions A, B, C, D are reported in Fig.7.4.

Figure 7.4: τeff at 1×1015 cm-3 of the different samples type I outgassed under
condition A, B, C, D and freestanding reference. The error bar indicates the
standard deviation between the different samples.

The τeff of bonded wafers comparable to the τeff of the freestanding reference is
only obtained after outgassing under condition D, i.e., 200 ◦C , 60 min. In other
cases, the τeff are significantly lower than the one measured on the freestanding
reference. This indicates that the second outgassing step needs to be performed
at 200 ◦C for 60 min to eliminate the outgassing-induced degradation of the
passivation. For times and temperatures below this threshold, the impact of
outgassing on τeff is masked by the experimental error (samples A, B, C are all
within the same error bar). PL images at 5×1015 cm-3of the samples are also
taken and the most representative cases, i.e., reference, sample outgassed at
conditions B and D are shown in Fig. 7.5.

Fig. 7.5 shows a result similar to the one reported in the preliminary experiment
(see Fig. 4.2), i.e., a τeff gradient from the center to the edge of the sample
outgassed under condition B. This large gradient is not present either in the
freestanding reference or in the sample outgassed under condition D. The regions
of low τeff detected at the edges of the reference and the sample outgassed under
condition D are localized and presumably caused by the tweezers during sample
handling.
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Figure 7.5: PL pictures of different samples at an injection level of 5×1015cm-3.
Freestanding reference (left), sample outgassed under condition D (center),
sample outgassed under condition B (right). The size of the samples is
approximately 5x5 cm2 and the perimeter of each sample is indicated by a
dashed white line. The 3 points where the ATR-FTIR measurement is performed
are indicated by green crosses.

ATR-FTIR spectra are collected for the bonded samples outgassed under
conditions B and D and the freestanding reference. Three points are measured
per sample: at the center (2.5 cm from the edge), close to the edge (0.5 cm
from the edge) and at an intermediate point between center and edge (1.5 cm
from the edge). The approximate locations are indicated by green crosses in
Fig.7.5. Each spectrum indicates the chemical bonds present in the a-Si:H layer
at the point of the measurement and the comparison between spectra taken at
different points of the same sample indicates the distribution of the chemical
bonds across the sample. Fig. 7.6 gives the result of these measurements in the
spectral regions of 975-1250 cm-1 and 1850-2200 cm-1, for the three points of
each sample.

The different peaks of these spectra are isolated by multipeak deconvolution
and the area below the curve corresponding to each peak is integrated. The
peaks are attributed to the different chemical species according to literature
[130, 131, 132]: the peaks at 2000 cm-1and 2090 cm-1 correspond to the Si-H
bond in mono-hydrides (Si-H) and higher hydrides (SiHx, x ≥2) of a-Si:H,
respectively. The higher hydrides are mainly represented by SiH2 and in part
by SiH3[129]. The peaks at 1020 cm-1 and 1095 cm-1 correspond to the Si-O
bonds present in PDMS linear chains of different Mw [130], while the peak at
1060 cm-1 corresponds to oxidized silicon [129]. Differences in the intensity of
the peaks are detected moving from the center to the edge of the sample as a
function of the outgassing conditions.

In order to quantify these differences, the relative ratio of the areas of the
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Figure 7.6: FTIR spectra taken at the center (blue, solid), at an intermediate
point (red, dash-dot) and at the edge (green, dot) of the standalone reference
(left), sample outgassed under condition D (middle) and condition B (right).The
spectra shows the regions of 975-1250 cm-1 and 1850-2200 cm-1, where significant
differences are observed between the different points. The region 1850-2200 cm-1

is shown (zoomed in) and the corresponding scale is indicated on the right-side
Y-axis. The spectra are shifted to facilitate the reading.

peaks of interest are calculated. These relative ratios indicate the relative
concentration of chemical bonds in certain configuration, over the total amount
of the same bonds in all configuration: for instance RSiHx(%) indicate the
relative amount of Si-H bonds in SiHx configuration among all Si-H bonds in
SiH and SiHx configurations. The calculations are performed using Eqs. 7.1
and 7.2 for SiHx and SiO, respectively, and the results for the different positions
on the samples outgassed at different conditions are reported in Fig. 7.7.

RSiHx(%) = A2090
A2090 +A2000

(7.1)

RSiO(%) = A1020 +A1095
A1020 +A1060 +A1095

(7.2)

Fig.7.7 indicates an increasing amount of PDMS molecules and SiHx toward
the edge of (type I) sample outgassed under conditions B. This difference is not
observed either in the sample outgassed under condition D or in the freestanding
reference.

7.2.3.2 Silicone modifications

Fig. 7.8 shows the results of gas chromatography performed on liquid droplets
extracted for the silicone type II samples cured under different conditions. The
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Figure 7.7: Relative concentration of Si-H (left) embedded in SiHx and Si-O
(right) bonds at different positions on the wafers outgassed at conditions B and
D and freestanding references.

results indicate that after the outgassing step, the silicone contains residual
cyclics that are evacuated during gas chromatography. The concentration of
residual cyclics decreases significantly after outgassing at 200 ◦C during 15 min
(condition C) and is further lowered after 60 min (condition D). Conversely, the
differences between the reference and the samples outgassed under conditions A
and B are within the error bar (10%). These outgassing conditions leave the
vast majority of cyclics in the material, making them available for outgassing
during the analysis and consequently, during a-Si:H PECVD. The drop in cyclics
outgassed for condition D is particularly significant for D4, D5 and D6.

7.2.4 Discussion

The results shown in the previous sections report a gradient in the sample
outgassed under condition B, i.e., 15 min at 100 ◦C , which is absent in the
freestanding reference and in the sample outgassed under condition D, i.e.,
60 min at 200 ◦C. This gradient is measured independently in terms of τeff
mapping and FTIR spectra and the correlation between these two measurements
is shown in Fig. 7.9.

A strong decrease of τeff is observed when the FTIR relative area of the peak
corresponding to SiO increases. The correlation is less strong for the peak at
2090 cm-1because of the large error bar. The analysis of the silicone in terms of
FTIR, XPS and gas chromatography helps to explain this correlation. After
the wafers are bonded to glass, some cyclics are present in the cured material
(Fig. 7.8, reference). These cyclics outgas if the bonded samples are exposed to
high temperature: Fig. 7.8 shows that type II samples outgas during conditions
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Figure 7.8: Quantification of cyclics in silicone samples after different outgassing
condition (i.e., A, B, C, D) as a function of D units, i.e., the number of Si atoms
present in the cyclics. A cured silicone sample not exposed to any additional
outgassing is also included in the analysis as a reference (black squares). The
measurement uncertainty was determined by repeating the measurement several
times and estimated to be around 10% relative to the represented values.

Figure 7.9: Correlation between the relative ratio of bonds in the a-Si:H and
the τeff measured in the three points of sample B.
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C and D. If no special care is taken, as in the case of outgassing condition B,
these cyclics will outgas during a-Si:H PECVD. In other words, the cyclics are
introduced in the plasma discharge, together with the silane and hydrogen. As
a consequence, they can also dissociate and some fraction of these molecules
can redeposit on the sample. In this way, dimethylsiloxane D-units can be
incorporated in the growing a-Si:H layer. This incorporation is suggested by
the higher count of Si-O bonds in the a-Si:H(i/n) layer for condition B (Fig.
7.7). The presence of D-units tends to increase the voids density of the a-Si:H
network, as indicated by the increase in the relative amount of higher hydrides,
and lower the quality of the film [157]. Therefore, the outgassing of Dx from the
silicone and the incorporation of D units in the a-Si:H layer during the a-Si:H
PECVD is suggested as responsible for the τeff degradation of the processed
samples.

The observed gradient in τeff and FTIR can be attributed to the sample geometry.
The silicone is sandwiched between the glass piece and the wafer and it can
only outgas through the free area of the silicone, i.e., along the perimeter of
the screen printed layer. The outgassed species are introduced in the plasma
discharge from the edges of the wafer, where they dissociate and redeposit.

Therefore, the amount of the outgassed cyclics that diffuses and redeposits in
the center is lower than the one on the edge. If the outgassing occurs in a
separate step for a sufficient time above a certain temperature, most of the
cyclics are outgassed prior to a-Si:H PECVD, and the passivation is not affected
(condition D). The shortest time and the lowest temperature for sufficient cyclic
outgassing prior to a-Si:H PECVD is not determined, but it is found that, under
the present conditions, an outgassing step at 200 ◦C for 60 min is sufficient to
remove most of the cyclics and avoid the influence of the silicone outgassing on
the passivation process.

7.2.5 Integration into solar cells

Solar cells are fabricated on freestanding and bonded wafers to confirm at
device level the validity of the results obtained. However, at the moment of the
investigation, certain technological steps necessary to manufacture a complete
i2-module were not developed: for instance, this is the case for the a-Si:H(i/p)
emitter and foil detachment. Therefore, the cells are manufactured on thick
wafers using a “hybrid” interdigitated back-contact solar cell. In this technology,
the emitter is manufactured by Boron Tribromide (BBr3) diffusion at high
temperature, while the Back Surface Field (BSF) is the same a-Si:H(i/n) layer
as the one used for the outgassing study.
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Figure 7.10: Scheme of the hybrid interdigitated back-contact solar cell bonded
to glass

The structure of the solar cell is reported in Fig. 7.10 and includes a phosphorous
diffused layer and a double SiOx/SiNx layer as ARC on the FS and interdigitated
fingers of c-Si(p) and a-Si:H(n) on the RS. The bonding is performed on shielded
structures thanks to the standard process and following condition D for the
second outgassing. After bonding, the oxide covering the emitter is selectively
removed by photolithography and immersion in HF/HCl. The emitter is
removed in a solution of HF:HNO3 1:80 and HF/HCl, and the a-Si:H(i/n) layer
is deposited on the full area. In this way, the devices followed the same wet
cleaning and passivation process of the type I samples. The deposited a-Si:H(i/n)
layer is covered by a 80 nm-thick ITO layer available in-house. At this point,
a-Si:H(i/n) and ITO are patterned to define the BSF fingers. Metallization
for both contacts is performed by e-beam evaporation of a Ti/Pd/Ag stack.
The metal contact covers the entire area of the BSF, while vias are etched
through the oxide mask to contact the c-Si(p) emitter. Prior to measurements,
the cells are mechanically diced. More details on the cell fabrication process
can be found in [40]. The performance of the best freestanding and bonded
cells are summarized in Table 7.3. The values of Voc are approximately 90 mV
lower than record Voc values [51, 98] and around 40-50 mV lower than the one
obtained on other lab-scale HJ i-BC cells [60]. This is partly attributed to the
post-deposition induced damage of the ITO process [187] and the relatively low
front-side surface passivation for i-BC cell [40]. Nevertheless, comparable Vocs
are obtained regardless whether the device is bonded or freestanding. Hence,
no degradation in the a-Si:H(i/n) passivation related to the bonding process
is observed, which means that the silicone outgassing is not limiting the cell
performance. The other differences between the performance of freestanding
and bonded cells are not related to the scope of this chapter and for this reason,
have not been reported as a result. A more detailed analysis of the cells can be
found in [40] .
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Jsc [mA/cm2] Voc [mV] FF [%] η[%]
Freestanding 36.7 653 74.5 17.9

Bonded 37.8 650 74.7 18.4

Table 7.3: Performances of best freestanding and standalone hybrid cells.

7.2.6 Conclusion for the shielded structure

The influence of the silicone outgassing on the degradation of a-Si:H passivation
is investigated using a shielded structure. The outgassing of cyclics (Dx) from the
silicone during high temperature process steps such as the a-Si:H passivation is
demonstrated by gas chromatography and the incorporation of dimethylsiloxane
D-units into the a-Si:H layer during a-Si:H deposition is documented by ATR-
FTIR. This incorporation is suggested to be the mechanism responsible to
reduce the quality of the a-Si:H layer and therefore the effective τeff of the
samples. Furthermore, a method to remove the influence of the outgassing on
the passivation is proposed: by applying suitable outgassing conditions prior to
PECVD deposition, excellent a-Si:H(i/n) passivation on bonded wafers with
shielded structures and τeff and Voc values comparable to freestanding references
are obtained.

As such, the additional outgassing performed at 200 ◦C for 60 min will be
applied in all following experiments and simply named as “second outgassing”,
in order to differentiate from the first thermal treatment used to cure the silicone
(first curing). In this way, the influence of the outgassing on the degradation
of passivation will be drastically limited, and whenever possible, considered
negligible.

7.2.7 From Shielded to Blanket structure

The i2-module is fabricated on blanket structures, i.e., where the free area of the
silicone extends beyond the foil (see paragraph 3.3). Therefore, it is important
to verify the validity of the results obtained on the shielded structure on those
having a large free area of silicone not confined between the wafer and the glass
piece. To do so, an experiment is performed.

The structures considered for the experiment are: (1) a shielded structure
bonded with a thicker layer of silicone (Fig 7.11, left) and (2) a pseudo-blanket
structure where two wafers are bonded side by side using a blanket silicone
layer of standard thickness (Fig.7.11, right). The gap between the two wafers
is approximately 3 mm, which is in the order of magnitude of cells spacing in
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commercial PV modules. Structure (1) is chosen to increase the free area of
the silicone without altering the boundary conditions of the shielded structure,
i.e., no direct contact between the silicone and the chemicals used during the
cleaning or the plasma atmosphere. Structure (2) is chosen to simulate the
effect of outgassing in the case where several wafers are bonded next to each
other.

Figure 7.11: Schemes of the structures having large free area of silicone. A
shielded structure with a thick layer of silicone (left) and a pseudo-blanket
structure (right).

The two structures are fabricated using the same wafers and glass pieces as
detailed in paragraph 7.2.2 and following a similar process flow: standard SPM
and HF/HCl cleaning, FS a-Si:H(i/n) passivation, bonding, second outgassing,
HF:HNO3 post-bonding cleaning, and RS a-Si:H (i/n) passivation. Thicker
layers of silicone are obtained by increasing the distance between the stencil
and the sample during screen printing, and the layer thickness is measured by
subtracting the height of the wafer and the glass piece before bonding from
the height of the wafer / silicone / glass stack after bonding. The thicknesses
measured are 30 (standard thickness), 150 and 225 μm. During RS passivation
of the pseudo-blanket structure, the silicone is protected by contact-induced
interactions with the plasma thanks to a mechanical mask, i.e., a piece of
silicon wafer placed on top of the gap between the two wafers (Fig 7.11, right).
Furthermore, two a-Si:H layers deposited at different temperatures (Tdeps) are
chosen for passivation: the standard a-Si:H(i/n) deposited at Tdep of 220 ◦C
and 7 nm-thick a-Si:H(i) layer deposited at Tdep of 180 ◦C. The latter is
chosen because it is the only recipe available in-house with a Tdep lower than
outgassing temperature (200 ◦C). The other parameters for the a-Si:H(i) layer
are reported in Appendix B. Following these steps, a-Si:H(i/n) / c-Si(n) / a-
Si:H(i/n) shielded structures bonded with thick silicone layers and a-SI:H(i/n) /
c-Si(n) / a-Si:H(i/n) and a-SI:H(i) / c-Si(n) / a-Si:H(i) pseudo-blanket structures
are fabricated. The τeff of these structures are measured by QSSPC [120] and
a PL picture [121] at 5×1015 cm-3 is taken immediately after processing. For
comparison, freestanding a-Si:H(i) / c-Si(n) / a-Si:H(i) references are prepared
following the process of: SPM and HF/HCl cleaning, FS passivation, outgassing
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at 200 ◦C for 60 min in absence of silicone, HF:HNO3 post-bonding cleaning,
and FS and RS a-Si:H(i) passivation.

Figure 7.12: τeff of a-Si:H(i/n) / c-Si(n) / a-Si:H(i) shielded structures bonded
with different thicknesses of silicone: 30 μm (dotted line), 153 μm (dashed line)
and 225 μm (solid line). The Tdep for the RS a-Si:H(i/n) passivation is 220 ◦C.

Fig 7.12 shows the τeff as a function of the injection level on the shielded
structures bonded with different thicknesses of silicone: τeff at 1×1015cm-3

decreases from 9.2 ms (extrapolated, 30 μm), down to 2.86±0.4 ms (150 μm)
and 1.96±0.5 ms (225 μm). While 9.2 ms is within the same error bar as the
value obtained on the samples with the additional outgassing (see Fig 7.4), the
two others indicate a decrease in the case a thicker layer is used for bonding.
Due to the limited chemical- and plasma- induced interactions, this degradation
can only be attributed to residual outgassing during a-Si:H PECVD. Apparently,
a larger free area facilitates outgassing and results in a process more detrimental
for passivation. This means that the second outgassing is not sufficient to
prevent degradation of the passivation in case the bonding structure changes.

The situation is more complex in the case of pseudo-blanket structure. Indeed,
the appearance of silicone changes during the HF:HNO3 post-bonding cleaning:
the rectangular screen-printed profile becomes smaller and irregular similar to
what is witnessed in Fig. 6.2, B. Furthermore, different τeff are obtained for the
different pseudo-blanket structures and corresponding freestanding references
(Fig 7.13).

A τeff of approximately 700 μs is observed in the a-Si:H(i/n) / c-Si(n) / a-
Si:H(i/n) pseudo-blanket structure, and this value is well below the one for the
freestanding reference and the shielded structure bonded with standard silicone
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Figure 7.13: τeff and uncalibrated PL picture measured on a-Si:H(i) / c-Si(n) /
a-Si(i) pseudo-blanket structures (green solid line, top picture), a-Si:H(i/n) /
c-Si(n) / a-Si(i/n) pseudo-blanket structure (red dotted line, bottom picture).
The τeff for the a-Si:H(i) / c-Si(n) / a-Si(i) freestanding reference is also reported
(blue dashed line), while τeff for the a-Si:H(i/n) / c-Si(n) / a-Si(i/n) freestanding
is above 8 ms at 1x1015 cm-3.

thickness of Fig. 7.4. Moreover, the sample region nearby the exposed area of the
silicone presents a color gradient and a τeff significantly lower than the average
τeff mapped (Fig. 7.13, bottom right). These phenomena are similar to the one
reported in Fig. 4.2 and indicate silicone-induced degradation of the passivation.
Conversely, comparable τeff (Fig. 7.4, left) and high τeff uniformity (Fig. 7.4, top
right) are observed for the a-Si:H(i) / c-Si(n) / a-Si(i) pseudo-blanket structure.
This suggests that the impact of the chemical interactions between the silicone
and the HF:HNO3 does not have an impact on the wafer passivation and the
degradation is only linked to the different Tdeps of the a-Si:H PECVD. In the
case of a-Si:H(i/n), Tdep is 220 ◦C, i.e., higher than the temperature at which
the silicone is outgassed (200 ◦C): presumably residual outgassing occurs during
a-Si:H PECVD and is detrimental for the passivation. In the case of a-Si:H(i),
Tdep is 180 ◦C, i.e., lower than the outgassing temperature: outgassing during
a-Si:H PECVD is negligible and comparable τeff for freestanding and bonded
wafers are observed.

Overall, these results show that the second outgassing only works in case the
wafer is bonded in a specific structure, i.e., shielded, and with a thin layer of
silicone. The degradation of passivation observed on shielded structures bonded
with thicker layers and pseudo-blanket structures indicates that there can also



STUDY OF THE PLASMA-INDUCED SILICONE DEGRADATION 95

be outgassing-induced degradation of passivation in the case where samples are
bonded using a blanket structure.

7.2.8 Conclusion and Recommendation

The phenomenon of silicone outgassing is investigated on both a shielded and
a pseudo-blanket structure. The results on the shielded structure highlights
outgassing of Dx and incorporation of D-units in the a-Si:H network, which lead
to degradation of the passivation. The results on the pseudo-blanket structure
indicate the dependency of the phenomenon of outgassing on the structure used
to bond the wafer to the glass piece. As a result of these investigations, the
recommendations to eliminate the silicone outgassing in further processing are:

1. Introduce an outgassing step (second outgassing) after wafer bonding and
before a-Si:H PECVD at a temperature of 200 ◦C for 60 min in order to
remove most of the Dx cyclics from the silicone;

2. Limit the a-Si:H PECVD Tdep to values equal or below the outgassing
temperature, for instance 180 ◦C (or lower), in order to prevent further
outgassing of Dx cyclics regardless of the structure used to bond the wafer
to the glass piece;

Unless otherwise stated, these recommendations will be applied in all future
experiments and, subsequently, the influence of outgassing on the a-Si:H
passivation will be neglected.

7.3 Study of the plasma-induced silicone degrada-
tion

In addition to silicone outgassing, direct exposure of the silicone to the plasma
may also contribute to the degradation of the passivation witnessed in paragraph
4.3 and, for this reason, it is investigated experimentally.

The samples are fabricated using the same wafers and glass pieces as detailed in
paragraph 7.2.2. Three types of samples are prepared (Fig. 7.15, top): bonded
wafers with a blanket structure (type I), freestanding wafers (type II) and glass
/ silicone stacks (type III). These samples are chosen in order to study the
interactions only between silicone and a-Si:H PECVD, excluding any negative
effect of the bonding or the post-bonding cleaning. This is done by placing
the step of wafer bonding immediately prior to RS a-Si:H PECVD (Fig. 7.14,
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Figure 7.14: Scheme of the samples type I (left), type II (middle) and type III (
right) used in the experiment (top). Comparison between the standard bonding
process and the one used in the experiment (bottom)

bottom). In this way, the wafer is not exposed to the organic contamination that
may occur during bonding and the silicone is not exposed to the degradation
occurring during post-bonding cleaning. The samples are prepared as follows.
The wafers undergo SPM and HF/HCl cleaning, FS a-Si:H(i/n) passivation,
second SPM and HF/HCl cleaning, manual bonding (type I only) and RS
a-Si:H(i) passivation at 180 ◦C. The wafers are recleaned in standard SPM
and HF/HCl cleaning prior to RS a-Si:H(i) passivation in order to remove any
uncontrolled contamination. The wafer are manually bonded in the same way
as during standard bonding, but the adhesion of the wafer to the silicone is
relatively poor and, for this reason, occasional detachment is observed after
deposition. The glass pieces are also cleaned in SPM and HF/HCl and, after
silicone screenprinting, first curing and second outgassing without the presence
of the wafers, they are cleaned with a simple dip in HF/HCl. This dip is chosen
in order to etch few nanometers of glass without compromising the silicone and
reduce as much as possible the external contamination of the reactor chamber.
The τeff [120] and the PL [121] of the samples are measured immediately after
RS a-Si:H(i) passivation and are reported in Fig. 7.15. As reference, extra glass
/ silicone stack samples (type III) are prepared for ATR-FTIR analysis, with
the measurements performed before and after a-Si:H PECVD.

The differences between the τeff of sample I and II is clear. This difference
highlights the presence of plasma mechanisms inducing degradation of the
passivation. This mechanism can only be induced by the silicone exposure to
the a-Si:H PECVD plasma, since there is no direct contact between the silicone
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Figure 7.15: τeff and the PL pictures of the samples type I (bonded immediately
before loading) and type II (freestanding). The PL pictures are taken at 5×1015
cm-3 (type I, bottom) and 1×1015cm-3(type II, top).

and harmful wet chemistry and the outgassing is supposed to be negligible at
the Tdep chosen. Furthermore, the τeff of sample I is not equally distributed
across the sample surface, i.e., the τeff decreases strongly when moving from
the center to the edge of the wafer. This pattern is very similar to the one
observed in the preliminary experiment of paragraph 4.2 and also points in the
direction of a silicone-induced degradation of the passivation.

In order to study the changes in the silicone induced by the plasma and
understand the mechanisms behind the degradation of passivation, the ATR-
FTIR spectra of the silicone before and after exposure to a-Si:H PECVD are
measured. The spectrum before exposure is subtracted from the spectrum after
exposure and the differential spectrum is shown in Fig. 7.16 in the regions
700-1300 cm-1 and 2000-2100 cm-1. The spectrum is deconvoluted and the
peaks are attributed to the different chemical bonds with the help of literature
[129, 130, 131, 132].

Fig.7.16 indicates several changes in the silicone structure induced by plasma
exposure. For instance, the peaks at 795 cm-1and 1260 cm-1 decrease strongly
and partially shift to higher wavelengths. These peaks correspond to Si-
CH3 bonds and the trend indicates reduction of these bonds in the material.
Furthermore, the shift to higher wavelengths suggests a change in the chemical
environment around the remaining bonds. The Si-CH3 at 795 (1260) cm-1 is
situated in the middle of a linear silicone chain, with the silicon atom bonded
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Figure 7.16: Differential ATR-FTIR spectra of the silicone exposed to a-Si:H
PECVD in the regions 700-1300 cm-1 and 2000-2100 cm-1. The chemical bonds
attributed to the peaks measured are also indicated.

to two O and two CH3, typical for D-units, i.e., (CH3)2SiO. The Si-CH3 at 845
(1270) cm-1 is situated in a more cross-linked silicone chain, with the silicon
atom bonded to three O and one CH3, typical for T-units, i.e., CH3SiO1.5. A
similar trend is observed for the peaks at 1020 and 1095 cm-1, signature of the
Si-O bond in the PDMS backbone. These two peaks decrease and partially shift
to higher wavelengths, i.e., 1040 and 1130 cm-1: the silicone is more cross-linked.
Moreover, peaks at approximately 900 and 2100 cm-1 appear, and these are
typical of Si-H bonds in PDMS. These peaks indicate an effective deposition of
the a-Si:H layer on top of the silicone.

The changes in chemical bonds can be easily correlated to the theoretical
phenomena described in paragraph 7.1.2. The decrease in Si-CH3 bonds may be
a result of the photo-induced bond breakage of the light emitted by Si at 4.3 eV.
Similarly, the shift from D-units to T-units and the change in the Si-CH3 bond
environment is an indication of silicone oxidation and increased cross-linking.

More complicated is the case of Si-O bonds: a strong decrease of these bonds
in linear silicone chains is observed although no light-induced bond breakage is
expected when comparing the energy of the emitted photons and the energy
of the chemical bonds (see Table 7.2). The decrease of Si-O bonds in linear
chains can partially be explained by the change in chemical environment and
the passage from a D-unit rich silicone to a T-unit rich silicone. However,
due to the qualitative nature of the analysis, it is not possible to state that
all missing D-units are transformed in T-units, and, therefore, exclude oxide
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removal. Other phenomena that can explain the shape of the spectra in the
Si-O region are: 1) residual outgassing of cyclics, similar to the one observed in
paragraph 7.2. The influence of the outgassing on the passivation is considered
negligible, but the phenomenon might still be present. 2) light-induced Si-O
bond breakage in transition states [188], which have a lower energy compared
to the bonds in steady state.

To conclude, the plasma-induced modifications of the silicone and their effects
on the passivation are proven. The link between these two phenomena is not
measured experimentally, but hypotheses can be put forward to clarify it. After
Si-CH3 bond breakage, methyl radicals are released in the plasma atmosphere
and deposited together with silane-based radicals in the same way as observed in
paragraph 7.2. Likewise, Si-O bonds in transition state can also be broken and
intervene in the deposition. Therefore, C and O belonging to organic molecules
may contaminate the a-Si:H layer and decrease its quality, with this being the
reason for poor passivation.

7.4 Summary and further approach to the research

From the results obtained in paragraphs 7.2, 7.3 and in chapter 6, a very complex
picture of the interactions between the silicone and the passivation process is
depicted. Interactions of different nature occurs during each of the three steps of
the passivation process, i.e., bonding, post-bonding cleaning and a-Si:H PECVD
and result in the degradation of the passivation. Furthermore, the hypotheses
formulated to explain these interactions suggest that they are triggered by
the characteristic of the silicone and the passivation process. Therefore, they
cannot be removed completely and the degradation of the passivation cannot
be avoided. This implies that the silicone and the passivation process are not
compatible in the way they are conceived in the i2-module.

Hence, the removal of this incompatibility is the first step to remove the
interactions and achieve excellent surface passivation. This can be done
following different approaches. A first approach can address the replacement
of the a-Si:H process with other passivation methods more compatible with
the silicone: however, according to thermal-induced silicone depolymerization
discussed in paragraph 7.1.1, a-Si:H PECVD is the only low-temperature
well-established passivating method compatible with the requirements of
the i2-module. Therefore, replacing the a-Si:H passivation will lead to a
reconceptualization of the whole i2-module process flow. A second approach
moves towards the replacement of the silicone currently used (PV-6100) with
more resilient materials while conserving the process of a-Si:H passivation. The
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advantage of this approach is the consistency with the i2-module initial concept,
but literature shows that the actual range of materials compatible with a-Si:H
passivation process is quite narrow: among 24 studied, only one silicone-based
adhesive could provide state-of-the-art passivation [176]. Thus, the replacement
of silicone with a material with similar optical and mechanical properties may
limit the applicability of the i2-module concept to a few choices. A third
approach aims at developing solutions to avoid the contact between the silicone
and the chemical solutions or plasma, identified as source for interactions. This
last approach has several advantages over the others: 1) it is already proven
to work for the study of silicone outgassing, 2) it makes use of the knowledge
acquired in the previous paragraphs, 3) it is consistent with the i2-module initial
concept and 4) it does not require replacement of materials or processes. As
such, the last approach is the one with the highest potential and will be followed
in the continuation of the research.



Chapter 8

Solutions for excellent a-Si:H
surface passivation of bonded
wafers

In this chapter, solutions to obtain excellent a-Si:H surface passivation of bonded
wafer comparable to the one of freestanding wafers are described. These solutions
are based on the formation of a protective layer on the exposed area of the
silicone that prevents silicone-process interactions harmful for the passivation.
The characteristics of the protective layer are studied and the applicability of
this solution to other types of PDMSs is investigated.

8.1 Protective layer

The results obtained in Chapters 6 and 7 show that most of the interactions
between the glass, the silicone and the passivation process are induced by
direct contact between the silicone and the chemical solutions or the plasma.
If direct contact is avoided, for instance by use of a shielded structure, these
interactions are limited. Hence, a solution is sought to avoid the contact while
maintaining the blanket structures. This solution is the introduction of a layer
covering the silicone during the passivation process, defined in the following
as “protective layer”. The two approaches investigated to form the protective
layer are discussed: the deposition of a capping layer and the modification of
the silicone surface to create the protective layer in-situ.

101
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8.1.1 Capping layer

A first and most straightforward approach to form the protective layer is to
cap the silicone with a protective material compatible with the process of
passivation. This can be done by low-T (<250 ◦C) PECVD of a thick dielectric
mask (>100nm of SiOx or SiNx). SiOx or SiNx are chosen because they do
not contain metals or organic molecules that can degrade the passivation.
Similarly, low-T PECVD is chosen because allowed in the passivation process.
The possibility of using a dielectric mask as a protective layer is tested in the
following experiment.

The wafers used are quarters of 5” 200 μm-thick chemically-polished n-type FZ
with a resistivity (ρ) of 2 Ωcm, while the glass pieces are the same as the ones
described in paragraph 7.2.2. The wafers and the glass pieces are cleaned in
SPM and HF/HCl and the wafers are introduced in the reactor for a-Si:H(i/n)
PECVD immediately after cleaning. In this particular case, the reactor used is
the AK1000 [116]. The deposition parameters for the a-Si:H(i/n) layer are: 20
mW/cm2 (Pinput), 1.7 Torr (Pressure), 160 sccm : 640 sccm (SiH4: H2 flow),
200 ◦C (Tdep) for the 8 nm-thick a-Si:H(i) layer and 60 mW/cm2 (Pinput), 1.9
Torr (Pressure), 50 sccm : 500 sccm : 100 sccm (SiH4: H2: PH3), 200 ◦C (Tdep)
for the 25 nm-thick a-Si:H(n) layer. In both cases, Tdep is maintained at 200 ◦C.
Differently from previously processed samples, an a-Si:H(i/n) passivation layer
is deposited both on the FS and the RS of the samples prior to bonding. After
a-Si:H PECVD the wafers are bonded to glass using the standard procedure
detailed in paragraph 4.1.2, including the second outgassing. The silicone area
is approximately a square with dimensions of 7.5x7.5 cm2, i.e., larger than
the wafer area. After bonding, τeff of the sample is measured by QSSPC [120]
and a PL picture is taken at 7×1015cm-1 . These measurements are obtained
after passivation of both the FS and the RS of the freestanding wafer and are
considered as references.

Afterward, the samples are introduced in the OPT reactor for PECVD of
the dielectric mask without additional cleaning. A 5x5 cm2 Alumina mask
(mechanical mask) is placed on the center of the wafer in order to avoid the
deposition of the dielectric mask on the part of the wafer to be repassivated in
presence of silicone. The dielectric mask chosen is a 150nm-thick SiOx/SiNx
stack deposited under the conditions of 79 mW/cm2 (Pinput), 1 Torr (Pressure)
and 200 ◦C (Tdep). The N2O : SiH4: N2 flow is 50 sccm : 5 sccm : 2000 sccm
for the SiOx layer and 50 sccm : 20 sccm : 1000 sccm for the SiNx layer. The
characteristics of the mask, namely the thickness and the material stack, are
chosen in order to limit mask etching during the post-bonding cleaning sequence,
especially during the required immersion in HF/HCl. The samples are then
cleaned using a simple sequence of: HF/HCl (1’, RT, 1:1:20), TMAH etch (5’,
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RT, 1:100) and again HF/HCl. The first dip in HF/HCl aims at the removal
of native oxide from the silicon surface with limited attack of the dielectric
mask, the TMAH step aims to etching of the RS a-Si:H (i/n) only in the area
where the dielectric mask is not deposited and the last dip in HF/HCl aims
for the formation of a hydrogenated surface ready to be passivated. These
chemicals are chosen among the ones that do not strongly degrade the silicone
(see paragraph 6.3). Additional cleaning steps are not considered necessary
because the RS surface has been protected during the bonding process by the
a-Si:H(i/n) layer deposited beforehand, and therefore, the organic contamination
should be removed together with the a-Si:H(i/n) layer. Immediately after final
dip in HF/HCl, the samples are re-introduced in the AK1000 and the RS is
re-passivated using the same a-Si:H(i/n) recipe as used for the FS. A scheme of
the sample is shown in Fig. 8.1.

Figure 8.1: Scheme of the sample used.

This process sequence (RS passivation, etching and re-passivation) is not
compatible with the final i2-module device because the RS of the foil is only
accessible after foil bonding. However, the sequence is useful for several reasons:
it protects the c-Si surface from organic contamination during bonding, it limits
the issues on the cleaning of bonded wafer and it allows the comparison of the
τeffbefore and after bonding and re-passivation. In this way, a simplified process
helps verify the use of a dielectric mask as a protective material during a-Si:H
PECVD. Fig. 8.2 show the τeff and PL pictures of the same sample with the
RS passivation performed before (top) and after (bottom) bonding.

Fig. 8.2 shows that the τeff obtained after RS re-passivation is equivalent to
the reference value. This means that the introduction of a dielectric mask
over the silicone during the passivation process is an efficient method to avoid
interactions between silicone and a-Si:H PECVD and, hence, obtain similar
surface passivation on bonded and freestanding wafers. Furthermore, the HF-
TMAH-HF sequence selected here can be used as a post-bonding cleaning
sequence on the condition that the foil surface is protected during the bonding
process with a thin layer of a-Si:H. Moreover, the area that is re-passivated is
smaller than the area covered by the mechanical mask during the deposition of
the dielectric mask. This means that parasitic deposition of the dielectric mask
occurs underneath the mechanical mask and more accurate patterning methods
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Figure 8.2: τeff and PL pictures of the same sample taken when the FS and RS
are passivated in absence of silicone (blue dotted line, top picture) and after
RS etching and re-passivation (solid green line, bottom picture). The areas of
the different regions are indicated: wafer (green), silicone (red), masked area
(light blue), repassivated area (yellow).

are needed to deposit the mask only on regions where the silicone (and not the
wafer) is exposed.

As such, this experiment shows that a dielectric mask can be used as a protective
layer to prevent the interactions between the silicone and the plasma and thus,
excellent surface passivation of wafers bonded to glass is obtained. Nevertheless,
further investigation on the patterning method and cleaning sequences are
needed in order to make the process sequence fully compatible with the final
i2-module.

8.1.2 In-situ layer

The second approach to avoid contact between the silicone and the processing
targets the formation of an in-situ protective layer by local modification of the
silicone.

8.1.2.1 Introduction

Literature shows that silicone is a very versatile material, and its bulk or surface
properties can be easily tuned in order to make it more suitable for certain
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applications [171, 189, 190, 191, 192, 193, 194]: examples are the increase in
surface wettability often used in microfluidic sensors, as well as the surface
functionalization used to facilitate polymer grafting.

In the case of this thesis, the idea is to change the surface properties of the silicone
in order to make it more resilient toward chemical and plasma degradation. At
this point of the research the composition and the properties suited for the
silicone-based protective layer are not completely clear, but some hypothesis can
be put forward on the basis of previous results and theoretical considerations.
It is shown that 1) organic contamination occurs during the process of bonding,
which is difficult to remove during post-bonding cleaning (see paragraph 6.3),
2) low-Mw cyclics contained in the silicone can be released at high temperature
(see paragraph 7.2), and 3) SiOX/SiNx dielectric masks represent an efficient
protective layer (see paragraph 8.1.1.1). Furthermore, the energies of the Si-O,
C-H and Si-C bonds reported in Table 7.2 [182] show that Si-C bonds are the
easiest to break. As such, it seems that C-rich silicone molecules with low Mw
can interact more easily with the passivation process and may be the principal
cause for degradation of the passivation. Hence, the silicone surface should
be modified in the direction of decreasing the amount of C and increasing the
material cross-linking. This is equivalent to an oxidation of the silicone [79].
Furthermore, in order to preserve the bulk properties of the silicone necessary
to perform its role of front side encapsulant, only the surface of the silicone
should be oxidized, while the bulk should be maintained pristine.

The oxidation of the silicone surface occurs by gradual replacement of Si-C bonds
with Si-O bonds: the basic PDMS D-units with the silicon bonded to two carbon
atoms and two oxygen atoms, i.e., (CH3)2SiO, are progressively transformed in
T-units, i.e., units with the silicon bonded to one carbon atom and three oxygen
atoms, i.e., CH3SiO1.5 and eventually in a material called silica-like [195],
where the silicon is mainly bonded to four oxygen atoms, i.e., SiO2. Depending
on the degree of oxidation, the surface properties change progressively: the
material becomes more hydrophilic, harder and less transparent [195]. Common
techniques used to oxidize silicone are Ultra Violet (UV) radiation, UV/Ozone
treatment, O2 and Argon (Ar) RIE plasmas [171, 190, 192, 196, 197], which also
lead to side phenomena of polymer cross-linking and CH3 etching [189, 190, 193].
Depending on the oxidation method and treatment time, the thickness of the
modified material involved in the oxidation can vary from a few nanometers
in case of plasma-treated polymers to few micrometers in case of UV-treated
polymers [198]. In certain cases, a recovery to the pristine silicone is witnessed
during ageing of the material and defined as “hydrophobic recovery” [199]. This
name comes from the fact that the treated silicone surface covered with Si-O
and Si-OH bonds and hence, hydrophilic, is progressively recovered to the initial
Si-C bonds and hence, becoming hydrophobic. The hydrophobic recovery can
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be accounted for by a few mechanisms, namely: (1) outdiffusion of untreated
chains driven by the lowering of surface tension and (2) reorientation of polar
groups into the bulk and, for very weak oxidation treatments, (3) elimination
of polar groups by chemical reaction [199].

As such, it seems that the process of surface oxidation of the silicone is suitable
to change the silicone structure and make it more resilient toward the passivation
process, without influencing the properties of the silicone bulk. In other words,
oxidation methods can be used to form a protective layer in-situ. This idea
becomes particularly interesting when the in-situ layer is formed after wafer
bonding: the properties of the silicone between the foil and the glass piece
remain completely untouched, preserving the optical match glass / silicone /
wafer [26]. Moreover, the differences between the silicon wafer and the silicone
can be used to selectively form the protective layer and avoid the patterning
step needed for the capping layer.

In the following, experiments are performed to study the oxidation of the silicone
in O2 Reactive Ion Etching (RIE) plasma. First, the surface modifications
induced by the O2 plasma are studied and second, the effects of the post-bonding
cleaning on the oxidized surface and the silicon wafer are investigated. Finally
the combination of post-bonding O2 plasma and cleaning are implemented in
the passivation process to verify their effects on the quality of the passivation.

8.1.2.2 Silicone Oxidation

The surface of the silicone is studied before and after the oxidation treatment
with the help of an experiment. The wafers used in the experiments are the
same as the ones described in paragraph 7.2.2 and also cleaned with SPM
and HF/HCl. The samples are droplets of silicone manually deposited on
silicon wafers. After deposition of the droplet, the samples are double-cured
under vacuum: at 100°C for 15 min (first curing) and at 200°C for 1h (second
outgassing). This thermal sequence is the same as the one used for passivation
of bonded wafers and it helps to simulate the bonding process. After bonding,
samples undergo an O2 plasma in an RIE reactor with the parameters: pressure
of 0.1 Torr, power density of 636 mW/cm2, O2 flow of 100 sccm and time of 5
min [200]. Henceforth, in the following, this oxidation treatment under these
conditions will be simply defined as O2 plasma. An O2 plasma is chosen because
in this technique the mechanisms inducing silicone oxidation, i.e., UV, ion
bombardment and O radicals operate together and increase the probability of
forming a strongly oxidized, protective layer. The samples are analyzed before
and immediately after O2 plasma with ATR-FTIR [125], CA [134], XPS [133]
and optical microscopy.
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The differential ATR-FTIR spectrum obtained by subtracting the spectra of
the pristine from the oxidized silicone is represented in Fig. 8.3 (regions 750-
1300cm-1 and 2925-3750 cm-1). Multipeak deconvolution is performed on the
differential spectrum and the resulting peaks are attributed to corresponding
chemical species [129, 132, 131, 130, 201, 202].

Figure 8.3: Differential ATR-FTIR spectrum of the silicone after O2 plasma in
the regions 750-1300cm-1 and 2925-3750cm-1. The chemical bonds attributed
to the observed peaks are also shown.

After O2 plasma, the samples show negative peaks in the region 790-860 cm-1and
at 1260 cm-1 and 2962 cm-1, indicating losses in CH3 due to the rupture of Si-
CH3 bonds, similar to the ones represented in Fig. 7.16. An increase in the peak
at 1060 cm-1 and the broad shoulder in the region 3000-3700 cm-1 correspond to
Si-O in silica and Si-OH, respectively: these two modifications indicate strong
silicone oxidation and formation of a silica-like material. Furthermore, three
peaks appear at 1000, 1040 and 1130 cm-1. The peak at 1000cm-1 belongs to
strained Si-O bonds of D-units, while the two peaks at 1040 and 1130 cm-1

belong to Si-O in T-units (CH3)SiO1.5. The appearance of these three peaks
is an indication of silicone polymerization and stress in the silicone subsurface.
Furthermore, a broad shoulder is observed between 1120 and 1200 cm-1, which
is generated by different contributions. In addition to the peak at 1130 cm-1

attributed to the T-units, a second peak is observed at 1150 cm-1 which belongs
to the Si-O in SiO2.

The ageing of silicone is monitored by CA measurements. Immediately after O2
plasma, CA drops from 138◦ (pristine silicone) to 4◦: the surface hydrophilicity
confirms the increase in Si-O bonds recorded by ATR-FTIR. After storage in
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a clean room atmosphere for approximately 10 h, a spontaneous hydrophobic
recovery is recorded: the CA reaches 110◦ and stabilizes.

Figure 8.4: Relative concentration (left) and position of the Si2p peak (right)
of the pristine silicone (a) and silicone after the O2 plasma (b).

Fig. 8.4 shows the Si, C and O relative concentration (left) and the position
of the Si2p peak (right) detected by XPS. In the case of silicone, the Si2p
peak convolutes Si1+, Si2+, Si3+ and Si4+ peaks, which indicate the amount of
silicon atoms bonded to 1, 2, 3 and 4 oxygen atoms respectively [133]. Fig. 8.4
indicates silicone oxidation and carbon removal after the O2 plasma: the Oxygen
surface content increases from 22.6% to 59.8%, while the Carbon decreases from
50.8% to 8.4%. An increase in the number of oxygen atoms bonded to Si is also
indicated by the shift of the Si2p peak towards higher energies.

All observations point to an effective oxidation of the silicone surface and
increase in silicone cross-linking. Furthermore, the aspect of the sample before
and after oxidation changes (Fig 8.5). While the pristine silicone is transparent
and uniform, the oxidized surface is opaque and many small cracks appears.
This is often observed in literature during surface oxidation of the silicone [189]
and it is related to the formation of a silica-like material. The silica-like material
has a reduced specific volume compared to that of the underlying untreated
silicone [195]: tensile stress builds up and, in case of high stress, the top layer
cracks.

In summary, an O2 plasma can oxidize the surface of the silicone and form
a silica-like layer. The chemical composition of the silicone surface becomes
closer to the one of the silicon-based dielectric mask used in the paragraph 8.1.1.
The resilience of this oxidized layer and the opportunity to use it as a capping
layer for the silicone during the post-bonding cleaning and a-Si:H PECVD are
analyzed in the following paragraphs.
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Figure 8.5: Picture of the sample with pristine silicone (top left) and silicone
after O2 plasma (bottom left). A microscope picture of the silicone after
O2plasma is also shown (right).

8.1.2.3 Post-bonding cleaning

At present, an efficient post-bonding cleaning sequence suitable for the i2-module
has not been defined. The results of Chapter 6 show that the chemical solutions
able to remove the surface contamination from the wafer surface also attack the
silicone, while the cleaning mixtures that leaves the silicone untouched cannot
fully clean the wafer surface. However, the situation may change considerably
if an O2 plasma is applied on the silicone after wafer bonding for several
reasons. First, the silicone surface is fully covered by the silica-like layer, and
the interactions between the silicone and the chemicals are replaced by the
interactions between the silica like layer and the chemicals. Second, if the O2
plasma is performed after bonding, the surface of the wafer will also be exposed
to the plasma treatment. Although at this point of the investigation, nothing
is known about the consequences on the wafers of this exposure, literature
suggests that the silicon surface and subsurface can be damaged by the ion
bombardment of the RIE process [203, 204]. The damage has to be removed
in order to prevent degradation of solar cell performances [204], and this can
be done either by annealing at high temperature (> 400◦) or by etching the
damaged layer [205]. Etching appears as the most convenient solution because
of the temperature limitations determined by the presence of the silicone, and,
foreseeing the i2-module flow of Chapter 3, the need of an etching step to
remove the porous silicon layer. Third, it is not excluded that the O2 plasma
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can contribute to the cleaning process because, under certain conditions, O2 is
also used to remove organic contamination or decap resist [206, 207]. Thus, the
requirements for wafer cleaning and silicone chemical compatibility may not be
the same as the one stated in Chapter 6.

For all these reasons, a second investigation on the possibility to clean bonded
wafers after O2 plasma is required. However, the approach chosen for such
an investigation is relatively different from the one reported in Chapter 6 and
split into several experiments. In a first instance, only the impact of different
chemical solution on O2 plasma treated silicone is investigated. The number of
chemistries studied is limited to the one that appears to be strictly necessary
for the post-bonding cleaning. These are: (1) chemistries able to remove the
contamination occurring during bonding and remove the subsurface silicon
layer damaged presumably during RIE, i.e., a clean silicon etchant; and (2)
chemistries able to create the hydrogenated surface prior to passivation, i.e.,
HF/HCl. This choice is motivated by the need of a simple process to evaluate
the efficacy of the in-situ layer during the passivation process. Later in the text,
the removal of contamination from the wafer surface will be evaluated with
dedicated experiments (see paragraph 8.2).

The investigation on the impact of different chemical solution on the O2 plasma
treated silicone is performed through an experiment in which a number of
silicone droplets are deposited on silicon wafers. These samples are prepared
following the same process as the ones reported in paragraph 8.1.2.2. After O2
plasma the samples are immersed in different solutions, and the results of these
investigations are detailed in the following.

HF/HCl cleaning The samples are immersed in HF/HCl solutions for different
times in the range from 10 s to 12 min. CAs of the silicone surface are measured
for each immersion time (Fig. 8.6, left) and ATR-FTIR spectra are taken on
the pristine silicone, on the O2 plasma-modified silicone and on the modified
silicone after 2 min of immersion (Fig. 8.6, right). This time is chosen because
it is long enough to create a complete hydrophobic silicon surface that is ready
to be passivated.

Fig. 8.6 (left) shows how most of the hydrophobicity of the surface is recovered
in a few tens of seconds, and for longer times the values stabilizes around 108◦,
i.e., very close to the one observed after spontaneous hydrophobic recovery (see
paragraph 8.1.2.2). Fig. 8.6 (right) shows the differential spectra of the silicone
immediately following O2 plasma and after O2 plasma and 2 min of immersion in
HF/HCl. In both cases, the reference spectrum is of pristine silicone. Differently
from the spectrum measured after O2 plasma, the spectrum after HF/HCl
cleaning does not present the peak at 1060 cm-1 and the contribution at 1150
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Figure 8.6: CA (left) and differential ATR-FTIR spectra (right) of the samples
cleaned in HF/HCl. The CA is measured in the range 10 s-12 min and the
value for pristine silicone is also indicated. The ATR-FTIR spectra are taken
after O2 and prior to immersion (A, solid line) and after 2 min of immersion (B,
dotted line). The ATR-FTIR reference spectrum is the one of pristine silicone

cm-1 of the shoulder between 1100 and 1200 cm-1, indicating the removal of the
silica-like layer formed during O2 plasma. However, the two spectra still present
common features, these being the positive peaks corresponding to an increase of
Si-O in T-units and strained Si-O bonds and the negative peaks corresponding
to Si-CH3 removal. Remarkably, a smaller intensity of the Si-CH3 peak (795
and 1260 cm-1) exists in the HF/HCl spectrum, indicating a difference in Si-CH3
bonds with the pristine silicone smaller than the one reported for the O2-treated
silicone. No differences in the silicone appearance are observed before and after
the HF/HCl dip.

The lower CA value of the HF/HCl-treated silicone compared to pristine and
the features of the ATR-FTIR spectra indicate that immersion in HF/HCl
modifies the oxidized layer, but the pristine silicone surface is not completely
recovered. Specifically, the spectral differences and the enhanced hydrophobicity
measured by CA suggest that an immersion in HF/HCl of the O2-treated silicone
removes the silica-like layer from the modified material, while maintaining a
more cross-linked structure.

Silicon Cleaning and Etching Different chemistries can be used to wet etch
silicon, i.e., HF:HNO3 mixtures, TMAH and alkali-OH such as KOH and NaOH
[208]. Alkali-OH are excluded from the analysis since such mixtures can further
contaminate the surfaces with K+ and Na+ ions [165]. HF:HNO3 mixtures
and TMAH are more suitable solutions to remove the damaged layer and clean
the surface, but they also present advantages and drawbacks. On one side,
HF/HNO3 mixtures are able to prepare a smooth and clean silicon surface, but
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are less selective than TMAH toward silicon oxide: according to literature [209],
the oxidized layer should be removed during HF:HNO3 etching similarly to the
case of immersion in HF/HCl. Furthermore, certain HF:HNO3 mixtures also
tend to be unstable as a function of the temperature [210], which may cause
problems in process reproducibility. On the other side, TMAH has a stable
etch rate and does not introduce additional contamination [165]. However,
the surface roughness may be strongly influenced by the temperature and the
concentration of the solution, and this may affect the a-Si:H passivation [211].
In order to find the most suitable solution to etch silicon, both chemistries are
tested.

The samples are introduced either in HF:HNO3 mixtures or TMAH with the
same conditions as the ones reported in Table 6.2. Analogous to the investigation
of paragraph 6.3, the samples first undergo visual inspection in order to detect
possible degradation of the silicone. Then, CA [134] and ATR-FTIR [125] of
the silicone surface are measured.

Fig. 8.7 shows the microscope pictures of the silicone droplet after O2 plasma (a)
and immersion in TMAH (b) or HF:HNO3 (c). While no significant differences
are observed between (a) and (b), silicone degradation is observed in (c),
indicating that HF:HNO3 mixtures degrades the silicone and/or the silica-like
layer, although the degradation is less severe than the one manifested for pristine
silicone alone (see Fig. 6.2). Thus, HF:HNO3 mixtures in the current ratio
are not compatible with the O2-treated silicone. The compatibility can be
improved by changing the mixing ratios or diluting the solutions. Nevertheless,
finding an opportune HF:HNO3 solution will require dedicated development,
while the TMAH appears not to degrade the silicone in the selected conditions.
Therefore, since the purpose of these experiment is to test the efficacy of the
in-situ protective layer for the passivation of bonded wafers, TMAH is chosen
for further investigation, and HF:HNO3 is excluded.

Figure 8.7: Microscope pictures of the samples after O2 plasma (a, left), TMAH
(b, middle) and HF:HNO3 (c, right). Degradation of the border on the silicone
droplet is visible after immersion in HF:HNO3, while the sample appear very
similar before and after immersion in TMAH.
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The CA and the ATR-FTIR measured on the protective layer before and after
immersion in TMAH do not present significant changes: in both cases the CA
remains below 4 ◦ and the two differential ATR-FTIR spectra overlap within
the error bar (Fig 8.8). The hydrophilicity and the chemical structure of the
modified layer is maintained and therefore the TMAH can be used as silicon etch
step in the post-bonding cleaning without risk of modification of the silica-like
layer.

Figure 8.8: Differential ATR-FTIR spectra (right) of the samples cleaned in
TMAH. The measurements are taken after O2plasma and prior to immersion
(solid line) and after immersion (dashed line). The ATR-FTIR reference
spectrum is of pristine silicone.

8.1.2.4 Full passivation process

In the previous paragraph the effects of O2 plasma, the HF/HCl and the TMAH
on the silicone are investigated separately. This section describes these effects
in sequence, i.e., after O2 plasma and immersion of the same sample in the
different solutions, thus simulating a basic post-bonding O2 plasma treatment
and cleaning sequence. Furthermore, bonded wafers undergoing O2 plasma,
post-bonding cleaning sequence and a-Si:H PECVD are used to evaluate the
efficacy of the in-situ layer as protection for surface passivation.

Methods The wafers used are 5x5 cm2 200 μm-thick, polished <100> Float
Zones (FZ) with a resistivity (ρ) of 400 Ωcm. Different from previous tests,
wafers with high ρ are chosen to better highlight small differences in passivation.
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The glass pieces used are the same as the one detailed in paragraph 7.1.1. Two
types of samples are prepared (Fig. 8.9).

Figure 8.9: Samples type I (left) and type II (right) used.

Type I samples are droplets of silicone placed on wafers cleaned in SPM and
HF/HCl, similar to the ones of paragraph 8.1.2.2. The samples are double-cured
under vacuum: at 100 ◦C for 15 min (first curing) and at 200 ◦C for 60 min
(second outgassing). After bonding, samples undergo the O2 plasma with the
same parameters as the one reported in paragraph 8.1.2.2 [200]. The samples are
then cleaned using the post-bonding cleaning sequence of: HF:HCl:H2O (1:1:20,
RT, 1 min), TMAH:H2O (1:50, 40°C, 5 min) and again HF:HCl:H2O (1:1:20,
25°C, 30 s). This sequence, defined in the following as “HF-TMAH-HF”, is
chosen with the purpose of maintaining the process as simple as possible, while
still affording the necessary steps for surface passivation after an O2 plasma:
the last HF/HCl dip creates an hydrogenated silicon surface, the TMAH steps
removes the silicon layer presumably damaged during the O2 plasma and
the first HF/HCl dip removes the native silicon oxide in order to reduce the
incubation time for TMAH etching [161]. The silicone surface chemistry is
analyzed sequentially after each cleaning step with CA [134], XPS [133] and
ATR-FTIR [125], in part using the measurements reported in paragraph 8.1.2.2
and 8.1.2.3. The second type of samples (type II) are wafers bonded to glass for
τeff [120] analysis. These samples undergo standard SPM and HF/HCl clean
and their FS is passivated with standard a-Si:H(i/n) described in paragraph
4.1.4. Afterward, these wafers are bonded to glass with the standard bonding
procedure of paragraph 4.1.5 and the samples undergo the steps of second
outgassing and O2 plasma. Then, all samples are cleaned using the HF-TMAH-
HF post-bonding cleaning sequence and the surface roughness (Rrms) of the
samples is measured by high resolution profilometry (HRP) after each cleaning
step. Finally, the BS is passivated by a-Si:H(i) layer described in paragraph
7.2.7. a-Si:H(i) / c-Si / a-Si:H(i) symmetric structures on freestanding wafers
are also prepared as a reference to compare the passivation obtained on bonded
and freestanding wafers. Immediately after passivation, τeff is measured by
QSSPC [120] and RS Srec is calculated with the method reported in paragraph
4.1.7.
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Results The ATR-FTIR spectra of type I samples are measured for pristine
silicone, after O2 plasma, after dip in standard HF/HCl and after the post-
bonding clean. The differential spectra are represented in Fig. 8.10, showing
the same modifications as the ones reported in paragraph 8.1.2.2 and 8.1.3.3.
Furthermore, no differences are observed when comparing ATR-FTIR spectra
after the first HF dip and after the full post-bonding clean, i.e., after immersion
in TMAH and additional HF dip. This result indicates that the interaction
between the silica-like layer and the TMAH or the HF/HCl is negligible in case
the Si-O bonds are removed during the first HF dip.

Figure 8.10: Differential FTIR spectra of type I samples after (b) O2 plasma
(solid), after (c) O2 plasma and immersion in HF/HCl (dotted) and after (d)
O2 plasma and sequential immersion in HF/HCl, TMAH and HF/HCl (dashed)
in the region 750-1300cm-1 and 2925-3700cm-1. The chemical bonds attributed
to the observed peaks are also reported.

The surface chemistry and the hydrophobicity of the (a) pristine silicone, after
(b) O2 plasma, after (c) O2 plasma and immersion in HF/HCl and after (d)
O2 plasma and sequential immersion in HF/HCl, TMAH and HF/HCl are
analyzed by XPS and CA. The relative silicon (S), carbon (C) and oxygen (O)
concentrations are quantified and the CAs are measured (Fig.8.11, left). The
amount of O bonded to Si is qualified by the shape of the Si2p peak (Fig.8.11
right).

Fig. 8.11 shows that after an O2plasma, the O/C ratio increases and the Si2p
peak shifts toward higher energies (higher oxidation number), as reported in
paragraph 8.1.2.2. After HF/HCl dip, the O/C ratio decreases, the CA increases
and the Si2p shifts back to lower energies. This indicates that the HF/HCl
dip removes the silica-like fraction formed during O2 plasma and it is in line
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Figure 8.11: Si, C and O Concentration detected by XPS and CA measurements
on type I samples for (a) pristine silicone and silicone after (b) O2 plasma, (c)
O2 plasma and immersion in HF/HCl and after (d) O2 plasma and sequential
immersion in HF/HCl, TMAH and HF/HCl (left). The detail of the Si2p peak
is also indicated for the same (a),(b),(c),(d) conditions (right).

with what reported in the ATR-FTIR spectra. A moderate etching takes place
during subsequent TMAH and HF cleaning but the chemical modifications
here are small compared to the ones induced by the first HF/HCl dip and may
be considered negligible. However, at the end of the post-bonding cleaning
sequences, the surface of the pristine silicone is not completely recovered.

As a result, the modified layer formed during the O2 plasma is still present after
the complete post-bonding cleaning. The silica-like fraction is removed, but the
layer still contains extra oxygen and a more cross-linked silicone.

The possibility to use this silica-like free modified layer as protective layer also
depends on three other factors, i.e., the roughness and cleanliness of the silicon
surface prior to a-Si:H and the surface passivation that can be achieved. All of
them are analyzed on a type II sample. The roughness of the silicon prior to
a-Si:H PECVD is evaluated by the SR measurements represented in Fig. 8.12.

A major difference is observed after immersion in TMAH between the samples
that undergo the O2 plasma and the ones that do not. While the O2 plasma
treated samples show an increase in thickness below the error bar and hence,
not significant, the untreated bonded samples show a significant Rrms increase
of approximately 1.8 nm, similar to what previously observed (see paragraph
6.3). Therefore, the O2 plasma and the post-bonding cleaning sequence do not
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Figure 8.12: Surface roughness (Rrms) measured on samples type II that
underwent an O2 plasma (squares), that did not undergo an O2 plasma (circles)
and freestanding references (triangles) after (b) O2 plasma, after (c) O2 plasma
and immersion in HF/HCl and after (d) O2 plasma and sequential immersion
in HF/HCl, TMAH and HF/HCl.

influence the Rrms of the wafer.

The cleanliness of the surface prior to a-Si:H PECVD is evaluated by observation
of the surface wettability after immersion in the different solutions. After
bonding the wafer surface is hydrophobic due to presence of organic contaminant
originating from the silicone (see paragraph 6.3). Remarkably, the re-
establishment of the surface hydrophilicity of the bonded wafers after O2
plasma is observed: the surface shows high wettability and may indicate that
O2 plasma oxidizes both the silicone and the organic contaminants appearing
on the surface during the bonding process. This hydrophilicity is not observed
in the samples that do not undergo the O2 plasma. After immersion in HF, the
surface becomes hydrophobic for both type of samples, and in the subsequent
TMAH and HF steps no further differences can be observed between the samples
treated with and without the O2 plasma.

The surface passivation that can be achieved on wafers bonded to glass is
evaluated in Fig. 8.13. Fig. 8.13 (top) shows τeff measured on the samples,
together with the Srecs at 3×1015cm-3 extracted for the BS a-Si:H(i) passivation.
Fig. 8.13 (bottom) shows the PL pictures at 7×1015cm-3 of the corresponding
samples.

Fig. 8.13 shows that the Srecs and the τeff uniformity of type II samples
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Figure 8.13: τeff (top) and PL pictures at 7×1015cm-3(bottom) taken from the
samples type II processed without an O2 plasma (red solid line, left PL picture),
with an O2 plasma (blue dotted line, middle PL picture) and freestanding
a-Si:H(i) / c-Si(n) / a-Si:H(i) reference (green dashed line, right PL picture).
The Srecs calculated at 3×1015cm-3 for the BS a-Si:H(i) passivation are also
reported.

undergoing the O2 plasma is comparable to the one of the freestanding reference,
while this is not the case for the samples without an O2 plasma treatment. This
result is of great significance because it indicates several achievements. First, the
possibility to use the silica-like free modified layer as a protective in-situ layer
for the silicone during the steps of post-bonding cleaning and a-Si:H PECVD.
Second, the development of a simple post-bonding cleaning sequence that cleans
the silicon surface efficiently without severely attacking the treated silicone.
Third, as a combination of the first two, the excellent surface passivation that
can be obtained on bonded wafers.

Discussion The comparable surface passivation obtained on bonded and
freestanding wafers is related to the presence of the in-situ protective layer
during processing. The in-situ protective layer is nothing else than a silicone
with a higher degree of cross-linking than pristine and, hence, the reason for the



PROTECTIVE LAYER 119

increased silicone resilience lies in the presence of a more dense silicone network
on the surface exposed to processing. A stronger insight of the phenomenon
may be gained thanks to the literature on plasma-processing of silica-based
low-k dielectrics [212]. Indeed, the chemical composition of the silicone and
the low-k dielectrics is similar: both materials are formed by Si,C, O, H and
contain a large fraction of free volume. For this reason, they can undergo similar
modifications when exposed to O2 plasmas.

The exposure of a low-k dielectric to an O2 plasma leads to removal of CH3
groups (demethylation), increase of the O/C ratio and material densification
[212], i.e., the same phenomena as the ones observed in the silicone. Hence,
with the hypothesis that the silicone behaves similarly to a low-k dielectric, the
reasons for the increased resilience of the in-situ layer can be attributed to the
three mechanisms operating in an O2 plasma, i.e., UV light, presence of O2
radicals and ion bombardment. However, in light of the analysis performed,
it is not possible to differentiate the contribution of each mechanism to the
formation of the in-situ layer and subsequent improvement in passivation. This
subject will be discussed more in detail in Chapter 9.

As such, the modifications induced by the O2 plasma reduce the interactions
between the silicone and the processing. Due to the removal of the silica-like
fraction of the protective layer during the first step of the post-bonding cleaning,
this material cannot be considered responsible for the improved resilience.
Instead, the improvement must be attributed exclusively to a demethylized,
more cross-linked network.

In the case of the post-bonding cleaning, the lack of interactions between
the silicone and TMAH can be explained by a hindered penetration of the
solution in the more dense silicone network. Literature reports several methods
[167, 168, 169] where TMAH (or similar solutions) is used to remove cured
silicone-based encapsulant from electronic circuits. All the different methods
indicate the need to mix TMAH with organic compounds such as methanol or
isopropanol, in order to achieve complete removal. The organic compound is
used to swell the silicone, facilitate the penetration of the TMAH in the polymer
network and break chemical bonds [167, 168, 169]. Therefore, in the case of a
dense network, the penetration is hindered and the etching of silicone, if any,
does not affect the wafer surface during the post-bonding cleaning sequence.

In the case of a-Si:H PECVD, the lack of interactions between the silicone
and the plasma can be explained by the lower amount of methyl groups in the
material after O2 plasma and the more dense network. Paragraph 7.1.2 states
that Si-CH3 bonds are the most prone to break in a silane plasma because of
their low bond energy. Hence, with simple statistical consideration, decreasing
the number of Si-CH3 available also decreases the probability of bond breakage.
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However, this is only valid for the protective top surface layer, i.e., where
the C/O ratio changes. The amount of Si-CH3 bonds in the silicone bulk is
maintained and, in this case, the lack of interactions can be explained considering
again the analogy between the silicone and the low-k dielectrics. During plasma
processing of the low-k materials, the surface densification strongly modifies the
maximal depth at which Si-CH3 bonds are broken: in case of a strong surface
densification, the carbon is only removed on the top surface layer (<50 nm),
while in case no densification occurs, carbon depletion is observed to be up to
200 nm. The reason for the different profiles of carbon depletion lies in the
modification of optical properties of the densified material that limits the action
of the O2 plasma to a shallow layer. The same is considered to be true for the
silicone, with a decrease of plasma-induced Si-CH3 bond breakage harmful for
the passivation.

Conclusion Overall, the possibility to use an in-situ protective layer to achieve
excellent a-Si:H RS passivation of bonded wafers is described. This layer is
formed on the silicone surface by means of an O2 plasma. The O2 plasma
increases the O/C ratio on the surface and the cross-linking of the polymer. The
cross-linking increases due to replacement of D-units with T-units (CH3)SiO1.5
and it is maintained during the post-bonding cleaning process. As a consequence
of these modifications, the passivation process is not influenced by the presence
of silicone and the surface of a bonded wafer can be passivated as efficiently as
the one of a freestanding wafer.

8.2 Post-bonding cleaning Improvement

In paragraph 8.1.2.3 and 8.1.2.4, a simple post-bonding cleaning sequence is
considered, i.e., HF-TMAH-HF. When this sequence is combined with a-Si:H
layers of optoelectronic quality, excellent RS surface passivation is obtained on
bonded wafers. However, literature shows that best passivations are achieved
in cleaning sequences that include oxidation and oxide removal steps [213].
Therefore, there may still be room for improvement of the surface passivation of
bonded wafers with more complex post-bonding cleaning sequences that include
oxidation/oxide removal steps. A simple experiment is performed to evaluate
the influence of different oxidation/oxide removal steps compatible with the
silicone on the surface passivation.

The wafers and the glass pieces used for the experiment are the same as the
ones used in paragraph 8.1.2.2, and they are processed in the same way up to
and including the O2 plasma. After O2 plasma, different cleaning sequences are
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tested, starting with the simplest HF-TMAH-HF and combining it with one or
two oxidation steps based on SC1 and SC2 at RT. Cleaning sequences without
the silicon etch steps are also tested. SPM, HF:HNO3 and SC1 and SC2 at
high temperatures (>75 ◦C) are not used due to the risk of silicone degradation
described in paragraph 6.3 and 8.1.2.3. The final step of all cleaning sequences
is an immersion in HF/HCl solution performed immediately before RS a-Si:H(i)
passivation. τeff is then measured by QSSPC [120].

Figure 8.14: τeff on samples cleaned with different post bonding cleaning
sequences: SC1 (purple solid), SC1 -HF-SC2 (black dot), TMAH (blue short
dot), TMAH-SC1 (green dash), TMAH-SC1-HF/HCl-SC2 (yellow dot), TMAH-
SC2 (red dash dot). Two dips in HF/HCl are also performed before and after
the sequence indicated in the legend, respectively. The strong variation of τeff
as a function of the injection level is explained by the high resistivity of the
wafers used in the experiment.

Fig. 8.14 reports the τeff measured on the sample cleaned with the different
cleaning sequences. Two conclusions can be drawn. First, the samples cleaned
including a silicon etch step show a significantly higher τeff than the others.
This result confirms the hypothesis of wafer damage induced by the O2 plasma
and the need to remove this damage by etching the top silicon layer [203].
Second, an additional oxidation step such as SC1 and SC2 is not necessary to
further improve the τeff, i.e., a simple HF-TMAH-HF sequences can be used to
achieved excellent surface passivation. Furthermore, the exposed area of the
silicone does not present any visual degradation regardless of the solutions used,
indicating the compatibility of the solution tested with the O2 plasma treated
silicone.
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The τeffresults are not in line with what is extensively reported in the literature,
but hypotheses can be put forward to explain the discrepancy. The RS of the
wafer is cleaned with SPM and HF prior to FS passivation. Therefore, the initial
contamination is removed beforehand and the wafer is clean. This also means
that contamination affecting the surface passivation can only originate from the
process steps between the first clean and post-bonding cleaning , i.e., a-Si:H
PECVD, bonding and O2 plasma. Part of this process-induced contamination
is identified as bonding-induced organic species outgassed from the silicone (see
paragraph 7.2), with the risk of additional uncontrolled (metal) contamination
coming from the tools used, specifically the RIE reactor. Nevertheless, these two
types of contamination, i.e., organic and metal, seem to have no negative effect
on the passivation. This result suggests that contamination is removed prior to
a-Si:H PECVD, but with the data in hand it is not possible to define at which
process step this happens. To this concern, several hypothesis are formulated.
A first hypothesis is the intervention of O2 plasma in the removal of organic
contamination. In paragraph 8.1.2.4, the re-establishment of hydrophilicity
after O2 plasma suggests that during this step, the organic contamination is
modified. If the organic contamination is composed by species with a chemical
structure similar to the one of silicone, it will be also oxidized. These oxidized
contaminants may then be etched during immersion in HF/HCl, similar to
what happens for the silica-like fraction of the protective layer. If the structure
is different, there are chances that the organics are completely etched during
the O2 plasma: literature shows that O2 treatments are often used for resist
decapping [206], which support this hypothesis. Another hypothesis is that
both organic and metal contamination present on the surface are stripped off
during TMAH etching. The conditions used are sufficient to etch few hundred
nanometers of silicon [161] and therefore remove contamination attached to the
surface.

These two hypothesis, i.e., removal of organic and metal contamination already
during the O2 plasma and HF-TMAH-HF sequences are supported by the very
similar τeff obtained for the different cleaning processes involving the TMAH,
SC1 and SC2. The similar τeff indicate that additional cleaning in SC1 and
SC2 has no effect on the surface passivation and suggest that the amount of
contaminants on the surface is already negligible prior to immersion in these
solution.

Additional experiments would be needed to confirm or reject these hypothesis.
However, state-of-the-art passivation using an in-situ protective layer with a
simple post-bonding cleaning sequence is already achieved, and with respect to
the aim of the thesis, there is no need to further investigate the post-bonding
cleaning sequence. Therefore, the simple HF-TMAH-HF will be employed
as post-bonding cleaning sequence of O2 plasma treated samples in all the
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subsequent experiments.

8.3 Applicability to other silicones

The formation of an in-situ protective layer as a method to obtain excellent
passivation of wafer bonded to glass is studied on the silicone used in this thesis,
i.e., the Dow Corning PV-6100[117]. Nonetheless, the mechanism of silicone
oxidation proposed is common to a wide range of materials, from PDMS to
silica-based low-k dielectrics. These analogies suggest that the method for the
improved passivation may not be exclusive to the PV-6100, but can also work
for other materials. Thus, a simple experiment is performed to verify this
hypothesis.

The wafers and the glass pieces used in these experiments are the same as the
one used in paragraph 8.1.2.2. The samples are wafers bonded to glass prepared
in the same way as the type II samples described in paragraph 8.1.2.4, i.e., they
follow the processes of SPM and HF/HCl clean, a-Si:H(i/n) FS passivation,
wafer bonding to glass following the standard procedure, second outgassing,
O2 plasma (half of them), HF-TMAH-HF post-bonding cleaning and a-Si:H(i)
deposition. The only difference consists in the PDMS used for bonding: in this
case three materials are used: Dow Corning PV-6150, PV-6010 and PV-6100
(reference). PV-6010 and PV-6150 are also 2-part encapsulants designed for PV,
but their mechanical properties are slightly different from the ones of PV-6100.
PV-6150 is three order of magnitudes harder than PV-6100 [214], with the
difference in hardness linked to the degree of crosslinking of the cured polymer.
PV-6010 is also a gel, but with a different material composition compared to
PV-6100 and PV-6150. More details on these PDMSs can be found in [214].
After processing, the τeff of the samples is measured by QSSPC [120] and shown
in Fig 8.15.

The samples bonded with the pristine PDMS show remarkable τeff variation,
ranging from approximately 400 μs (PV-6100) to above 10 ms (PV-6150) at
3×1015 cm-3. Conversely, no variation is present in samples with the in-situ layer
and the τeff are approximately 10 ms at 3×1015 cm-3 for the three PDMSs. It
should be noted that the difference between the τeff measured with and without
in-situ protective layer on the samples bonded with PV-6100 and PV-6010 is
significant, while this is not the case of the sample bonded with PV-6150.

In the case of the pristine PDMSs, all samples undergo the same process and
hence, the variation can only be attributed to the different materials properties.
This means that the type of process-silicone interaction strongly depends on
the type of PDMS used, which is in line with what reported in literature [176].
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Figure 8.15: τeff as a function of injection level with (solid) and without (dotted)
O2 plasma. The silicones used to bond the samples are indicated in the figure.

Unfortunately, the exact composition of the three PDMSs is proprietary and
without the complete picture, it is difficult to correlate a specific characteristic of
the material to the trends in τeff. With the information in hands, it appears that
a higher cross-linked material interacts less with the plasma and its influence
on the surface passivation is limited. However, other factors cannot be excluded
from the analysis.

In the case of the O2-treated PDMSs, the lack of variation and high τeff can
be explained by the presence of the in-situ protective layer. Due to the harsh
conditions of the O2 plasma, the in-situ protective layers formed on the three
samples can be considered similar in the three cases. The presence of these
layers during the passivation process annuls the difference between the materials
and limits the interactions with the passivation process regardless of the PDMS
used.

The similarity between the τeff obtained for the sample bonded with PV-6150
with and without the presence of the protective layer may be explained by the
already high degree of cross-linking of the pristine PV-6150. However, similarly
to the trend for τeff on the pristine silicones, without additional information on
the properties of the material, it is impossible to draw a concrete conclusion.

As such, the method of the in-situ protective layer formation is proven to
work on different silicones and for this reason, it is believed to significantly
broaden the range of materials that can be used for as front-side encapsulant
for module-level RS passivation of bonded wafers.
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8.4 Summary

In this chapter, solutions to obtain excellent a-Si:H surface passivation of bonded
wafers comparable to the one of freestanding wafers are described. The method
is based on covering the pristine silicone during the steps of post-bonding
cleaning process and a-Si:H PECVD with a protective layer. This protective
layer can be formed either by PECVD of a silicon-based dielectric mask (capping
layer) or by O2 plasma treatment of the silicone surface (in-situ layer). The
second approach is considered better suited for the i2-module because of its
selectivity toward the wafer surface and the needlessness of the patterning step
required for the mask in the first approach. Therefore, the approach for the
formation of in-situ layer is further studied and reveals two main benefits: 1)
the opportunity to use a simple HF-TMAH-HF post-bonding cleaning sequence
to obtain τeff as good as the ones measured on wafer cleaned with oxide/oxide
removal cleaning sequences and 2) the applicability of the method to several
PDMSs.
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Chapter 9

Study of the in-situ
protective layer

In this chapter, the mechanisms for the formation of the in-situ protective layer
developed in chapter 8 are investigated. The phenomena that can contribute
to the formation of the layer are described theoretically and their contribution
to the improvement of passivation is analyzed experimentally. In the light of
the results obtained, the structure of the in-situ layer are explained. Finally,
a process for the formation of an in-situ protective layer more suited for the
i2-module is proposed.

9.1 Silicone modification in O2 plasmas

The modifications induced on the silicone by an O2 plasma in a RIE reactor can
be very different from the ones induced by a silane plasma in a PECVD reactor
detailed in paragraph 7.1.2 [74]. For this reason, the different mechanisms
operating in an O2 plasma and their effects on the silicone are reviewed
theoretically in the following paragraphs.

9.1.1 Ion Bombardment

Ion bombardment is generated by the field-induced acceleration of the ions
from the bulk of the plasma toward the substrate [215]. The strength of the ion
bombardment depends most importantly on the type of reactor but additionally
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on the parameters of the plasma process. The O2 plasma used for the formation
of the protective layer is performed in a capacitively coupled plasma (CCP)
reactor for Reactive Ion Etching (RIE) at high input power density (Pinput >
600 mW/cm2) and low pressure (≤ 100 mTorr) and, thus, is characterized by
high-energy ion bombardment [215].

In this configuration, the accelerated ions reach the surface and penetrate the
subsurface to a depth that depends on the energy of the ions and the material
itself. In RIE reactors, the energy of the ions is in the order of hundreds of eV
and the penetration depth of these ions in silicones is normally in the order
of few tens of nanometers, as reported in literature [216]. Consequently, ion
bombardment can lead to physical sputtering of the material from the surface
and collision cascades within the material. Furthermore, depending on the
energy of the different chemical bonds of the silicone, ion bombardment in
combination with the action of reactive species can also lead to preferential
bond breaking [215]: removal of certain chemical species over others is observed
(depletion). Furthermore, the phenomena of physical sputtering and preferential
bond breaking create reactive sites in the polymer subsurface.

As a consequences of these interactions, significant changes can occur within
the penetration depth of the ions. For instance, the surface morphology can
be effected by the physical sputtering [198]. Equally, the chemical composition
may vary due to the preferential bond breaking. The formation of reactive
site and subsequent chain reactions can also lead to silicone reorganization and
attainment of a new equilibrium state with mechanical and optical properties
different from the ones of pristine silicone [217]. Literature on silicone and low-k
materials show that ion bombardment induces mainly carbon depletion on the
surface and subsurface. Subsequently, the surface and subsurface become highly
reactive and absorbs moisture or other elements that densifiy the material and
change the chemical surface composition. As a consequence the k-value of the
material increases [212].

9.1.2 Vacuum Ultra Violet (VUV) light emission

UV light is generated in the plasma as by-product of the dissociation of
ions and radicals. The phenomenon occurs regardless of the type of plasma
considered, whereas the wavelength and the intensity strongly depend on the
dissociated species and the process parameters respectively. In the case of
PECVD silane plasma, the light is mainly emitted in the range from visible
up to the near (NUV, 400-300 nm) and middle ultraviolet (MUV, 300-200 nm)
with a relatively low intensity [218]. In the case of O2 plasmas, the light is very
intense and mainly emitted at much shorter wavelengths, i.e falling in the range
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of Vacuum Ultraviolet (VUV, 200-10 nm): for instance the strongest peak for
O2 dissociation is located at 130 nm [219].

Silicones can absorb VUV radiation [182], and for this reason, silicone exposure
to O2 plasma can trigger specific photon-induced reactions according to photon
wavelength, light intensity and silicone structure [220]. As a result, the physical
properties and the chemical composition of the silicone can change significantly
when exposed to the light generated in the O2 plasma. Moreover, the VUV
light can penetrate silicones to a depth of several microns and induce changes
in layers of up to few microns, i.e., much thicker than the one observed for ion
bombardment [197]

As such, the photon-induced modifications resulting from exposure to an
O2 plasma are much more severe than the ones induced from exposure to
a silane plasma, which is related to the shorter wavelengths of the light emitted.
As mentioned in Table 7.2, silicones contain mainly three chemical bonds:
Si-O (corresponding to 258 nm), Si-C (corresponding to 375 nm) and C-H
(corresponding to 295 nm). These three bonds are all easily broken by VUV
light, giving rise to reactions of ablation and chain scission, with the formation
of reactive sites for further reaction propagation. Very often the propagation
of the reactions leads to silicone oxidation [197, 182, 190, 192], although the
degree of oxidation can depend on the surrounding environment, both during
and after VUV radiation. For instance, presence of O2 radicals during the VUV
radiation can significantly enhance the silicone oxidation, but similar effects are
also observed when the polymer is exposed to air after a N2 plasma [182].

9.1.3 Reactive Species

The plasma generated from different gases comprises also non-ionized species
that react chemically with the surface layer of the material exposed to plasma.
In the case of O2 plasmas, O2, OH and Atomic Oxygen (AO) can be detected in
the plasma chamber [221], whereas in the case of a plasma generated by noble
gases such as Ar, no reactive radicals are observed. The depth of the layer that
can interact with the reactive species strongly depends on the properties of the
silicone and the diffusion of these reactive species in the material. Usually, these
are limited to a range of a few tens of nanometers, as reported in literature
[184].

Exposure of silicone to O2 radicals induces several reactions of abstraction,
chain scission, oxygen addition and oxidation and provide formation of gaseous
(g) or adsorbed (a) species [182], detailed in the following:

Og + –SiO2–CH3 → –SiO2–CH .
2 +OHg (Eq.1)
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Og + –SiO2–CH3 → –SiO.
2 + CH .

3a +Og (Eq.2)

OHg + –SiO2–CH3 → –SiO2–CH .
2 +H2Og (Eq.3)

Og + –SiO2–CH .
2 → –SiO.

2+ CH2Oa• (Eq.4)

O2g + CH2O
.
a → COg +H2Og (Eq.5)

Og + CH2O
.
a → CO.

g +H2Og (Eq.6)

O2g + CH .
3a → CH2O

.
a +OHg (Eq.7)

Og + CH .
3a → CH2O

.
a +Hg (Eq.8)

AO can abstract hydrogen and methyl groups (Eqs. 1-4) and, in combination
with O2 reacts with the abstracted species to form other volatile compounds
(Eqs. 5,6) or with the active sites to oxidize the silicone surface (Eqs. 7,8).
Furthermore, as a combination of the effect of VUV radiation and O2 radicals,
AO can propagate the reactions triggered by high energetic photons and lead
to complete silicone oxidation and formation of a silica-like layer (Fig. 9.1).

Figure 9.1: Possible reactions triggered by VUV light and subsequent reactions
in O2 atmosphere, as described in [182] The circled species are detected
experimentally.
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9.1.4 Other interactions

Electrons and non-reactive non-ionized species (neutrals) are also present in
the plasma, but their contribution is neglected. Indeed, neutral species do not
spontaneously react with the silicone, while electrons are confined in the plasma
bulk in average and do not interact with the silicone surface [215].

9.1.5 Three-layer model of silicone modifications

According to the characteristics of the reactions described in paragraphs 9.1.1-
9.1.4, a model for the modification of the silicone induced by the concurrent
effect of ion bombardment, VUV light and reactive radicals is proposed in the
literature [195]. This model is sketched in Fig. 9.2 and comprises of three layers.

The top surface layer is a strongly oxidized layer mainly composed of Si-O
bonds and for this reason, defined as silica-like. In comparison with pristine, the
concentration of oxygen triples, O/C ratio in the top layer increases by almost
one order of magnitude and the mechanical and optical properties change: the
film is much denser, and the free volume fall. The material becomes ceramic-like,
and for harsh treatments, can crack [189]. This layer is formed as a consequence
of the reactions induced by the radicals, the ions and the impurities of the
plasma, together with the absorption of the VUV light. The VUV radiation
and the ion bombardment lead to bond breakage and creation of reactive sites,
while chemical reactions with radicals and ions helps to restructure the material
into silica-like. A further restructuring can also occur during exposure of the
plasma-treated silicone to different atmospheres [189, 222].

The middle layer is formed by a mixture of highly cross-linked silicone, strained
silicone chains and silicone molecules of low molecular weight Mw. Also in
this case, the O/C ratio increases and the film becomes denser, although the
modifications are softer than the ones induced in the silica-like layer. This
middle layer is formed mainly as a consequence of the exposure to VUV light
and in a minor way because of the effect of highly energetic ion bombardment
and diffusing reactive species. These phenomena break the different chemicals
bonds, causing chain scission, abstraction of methyl groups and hydrogen and
formation of reactive sites. The reactive sites tend to react and increase the
material crosslinking either by hydrocarbon linkage or by cross-bridge between
different silicone chains [79]. As a consequence of the lattice mismatch with the
underlying pristine layer, stress is generated.

The bottom layer is not affected by any of the mechanisms operating in the
plasma and remains pristine [195].
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Figure 9.2: Three-layer model of the silicone after exposure to O2 plasma. The
drawing is not in scale. [195]

The depth and composition of these layers strongly depends on a series of
parameters, such as diffusion length of radicals into the polymer, absorption
depth of the UV light and so on [195]. For this reason, the amount of oxidation
and the thickness of the layers formed cannot be generalized into the model.
Furthermore, the model indicates a sharp transition between the three layers,
but in reality the action of the three mechanisms, i.e., ion bombardment, VUV
light and reactive radicals, decrease exponentially from the top surface inward
at different rates. Hence, the silicone is modified gradually from the bottom
to the top, and the polymeric network varies progressively from pristine to
silica-like.

9.2 Contribution of different plasma mechanisms

As observed in paragraph 9.1, the modifications induced on the silicone by
exposure to O2 plasma often results from the combination of several mechanisms.
The contribution of each of these mechanisms to the increased silicone resilience
is not known and hence, further investigations are carried out to understand the
relative importance of each mechanism for the passivation process. Following
this approach, two experiments are performed. In a first one, the influence
of the O2 radicals on the modifications induced on the silicone is evaluated
by comparing samples treated with an O2 and an Ar plasma under similar
experimental conditions. In a second one, the influence of the ion bombardment
is evaluated by comparing samples treated with an Ar plasma and a UV lamp
in Ar atmosphere.

These experiments comprise a first phase where the modifications of the silicone
induced by the different treatments are described and a second phase where
the effectiveness of these modifications for the formation of the protective layer
is evaluated. For this purpose, two types of samples are prepared for each
experiment, and these are similar to the ones used in paragraph 8.1.2.2 and
8.1.2.4. The first type of samples (type I) comprises of glass pieces coated with
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silicone, while the second type of samples (type II) comprises of wafers bonded
to glass for passivation tests (Fig. 9.3).

Figure 9.3: Test structures used, type I (left) and type II (right).

In both cases, the wafers are 5x5 cm2n-type FZ silicon wafers with a thickness
of 200 μm and a resistivity of 2 Ωcm and the glass pieces are 700 μm-thick
quartz of an area of 12.5x12.5 cm2, i.e., the same used in paragraph 7.1.1.
Type I samples undergo the process steps of: SPM and HF/HCl clean, manual
deposition of a droplet of silicone, double curing under vacuum at 100°C for 15
min (first curing) and at 200°C for 60 min (second outgassing). Afterward, the
samples are exposed to one of the following treatments, according to the type of
study: O2 plasma, Ar plasma and UV light in an Ar atmosphere. After this step,
some samples undergo immersion in standard HF/HCl, and all are analyzed by
optical microscopy, Wet Contact Angle (CA) [134], X-ray Photoluminescence
Spectroscopy (XPS) [133] and Fourier Transform Infrared Spectroscopy in
Attenuated Total Reflectance mode (ATR-FTIR) [125]. The analysis after
standard HF/HCl is also included because, according to paragraph 8.1.2.3 this
step of the HF-TMAH-HF post-bonding cleaning sequence can strongly modify
the treated silicone and, therefore, impacts the passivation. Type II samples
are cleaned in SPM and HF/HCl, FS-passivated with standard a-Si:H(i/n),
bonded with the standard procedure and outgassed at 200°C for 60 min (second
outgassing). According to the type of study they undergo one of the following
treatments: O2 plasma, Ar plasma and UV light in Ar atmosphere (UV).
Further processing of HF-TMAH-HF post-bonding cleaning and RS a-Si:H(i)
passivation similar to the one of paragraph 8.1.2.4 are also applied. Finally the
τeff of type II samples are measured with QSSPC [120]and PL [121] to evaluate
the quality of the surface passivation that can be obtained with the different
treatments. The comparison of the effects of the different treatments on the
structure of the silicone and on the RS a-Si:H passivation is described in the
following paragraphs.
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9.2.1 O2 radicals

The influence of the presence of O2 radicals during O2 plasma on the silicone can
be easily discriminated by comparing samples processed with O2 and Ar plasmas
under the same process conditions. The replacement of O2 with Ar removes the
O2 radical from the plasma atmosphere and therefore, the modification on the
silicone are created mainly for VUV light and ion bombardment. However, there
are minor factors to be considered for a legitimate comparison. First, the spectra
emitted by an Ar plasma is different from the one emitted by O2: although
both emit in the VUV range, the main Ar emission lines are moderately more
energetic (104.8 and 106.7 nm) than the ones of the O2 (130 nm). Qualitatively,
this may lead to a lightly stronger bond breaking and shallower penetration
depth in the case of an Ar plasma. Furthermore, the ion bombardment also
depends on the electronegativities of the gases used: more electronegative gases
tends to absorb electrons, decreasing the density of free electron in the plasma.
The plasma potential decreases, and so does the potential difference between
the plasma potential and the electrode potential. Thus, the ion bombardment
decreases [223]. In this case, the electronegativity of the Ar and O are in
the range between 3.19 and 3.31 and between 3.41 and 3.65 respectively [224].
Following these numbers, the ion bombardment should be moderately lower
in the Ar plasma [223] . Additionally, although the Ar plasma is performed
under inert atmosphere, after treatment the sample comes into contact with air.
Absorption of moisture can also play a role in silicone modification [198].

The process conditions for the Ar and the O2 plasma are: power density of 636
mW/cm2, pressure of 100 mTorr, gas flow of 100 sccm, and time varying from
10 s to 5 min (10, 30 s, and 1, 3, 5 min). These conditions are similar to the
ones used in paragraph 8.1.2.2, with 5 min the time for the O2 plasma.

9.2.1.1 Results

Visual observation of the samples already shows significant differences between
the two treatments. Once removed from the RIE reactor, the sample having
received an O2 plasma shows surface cracks with a density increasing with the
treatment time. While only few long cracks are observed across the surface on
the sample treated for 10 s, the samples treated for 5 min presents many small
cracks, similar to what is observed in Fig. 8.8. Conversely, the samples treated
with the Ar plasma do not show differences from pristine silicone immediately
after being removed from the reactor. However, in a time range of a few
minutes, wave-like features start spreading across the surface starting from
random points in type I samples and from the border of the wafer in type II
samples. Furthermore, while these waves are small and dense on the samples
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treated for short time, they tend to disappear in samples treated for a long
time. These feature are shown for the samples treated for 10 s, 1 and 5 min in
an Ar plasma and for 5 min in an O2 plasma (Fig. 9.4).

Figure 9.4: Microscopic pictures of samples type II treated with 10 s (a), 1 min
(b) and 5 min (c) of Ar plasma and 5 min of O2 plasma (d).

The ageing of the surface treated with different times of Ar and O2 plasma is
monitored by CA for approximately 24h and the measurements are shown in
Fig. 9.5, indicating three main results.

First, the final CA of the samples treated with Ar plasma is smaller (<80◦)
than the one measured on samples treated with O2 plasma (approximately
110◦): this indicates a more rapid hydrophobic recovery in case of an O2 plasma.
Second, the final CA of the samples treated with an Ar plasma is dependent on
the treatment time while this is not the case for the samples treated with O2
plasma. Third, in both cases, the final value is well below the one of pristine
silicone (138◦).

The samples treated with Ar and O2 plasma for 10 s and 5 min are analyzed
by depth profile and angle-resolved spectrum modes of XPS [133] (Figs. 9.6
and 9.7) summarized in paragraph 4.2.2. The measurements are performed
ex-situ and, therefore, in the case of Ar plasma, they refer to the state of the
surface after formation of the wavelike structures. These two times are chosen
as extreme points where the treatment is performed and the modalities for
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Figure 9.5: CA of some samples treated with Ar (left) and O2 (right) plasma
as a function of time for different treatment times. Pristine (squares, solid line),
30 s (circles, dashed line), 3 min (up triangle, dotted line), 5 min (down triangle,
dashed dotted line). The lines are guides for the eyes.

XPS analysis are selected in order to obtain experimental verification of the
three-model layer proposed in paragraph 9.3.5.

Figure 9.6: XPS depth profile of Si (squares), C (circles) and O (up triangles)
for the silicone treated with Ar (left) and O2 (right) plasma for 30 s (open
symbols, dashed line) and 5 min (full symbols, solid line).
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The depth profiles represented in Fig. 9.6 indicate similar chemical composition
in the bulk of all samples regardless of the treatment used: the relative
concentration of silicon (Si), oxygen (O) and carbon (C) are 35±1%, 22±1%
and 43% respectively. The composition changes significantly while moving
towards the surface, and the modifications are strongly dependent on the time
and the type of gas used during the treatment. In the case of the Ar plasma,
the surface concentration, i.e., the value corresponding to zero etch time in
fig. 9.6, is approximately 30±1% (S), 56±1% (O)and 13% (C) for the sample
treated for 10 s and 27±1% (S), 62±1% (O) and 10±1% (C) for the sample
treated for 5 min. Compared to the pristine, the amount of surface oxygen
increases significantly in both cases, and highlight a strong oxidation of the
surface regardless of the duration of the treatment. Conversely, the thickness of
the strongly oxidized layer depends on the treatment time: the re-establishment
of the bulk concentration happens much closer to the surface in the sample
treated for shorter times.

In the case of the O2 plasma, the surface concentrations are approximately
30±1% (S), 35±1% (O) and 35±1% (C) for the sample treated for 10 s and
31±1% (S), 58±1% (O) and 11±1% (C) for the sample treated for 5 min. These
values indicate that the amount of surface oxygen increases moving towards
the surface, but, alike the Ar plasma, the amount of surface Oxygen is much
higher in the sample treated for longer time. Furthermore, also in this case the
thickness of the strongly oxidized layer increases for longer time.

As such, both long O2 and Ar plasma (with exposure to air) treatments increase
the oxygen surface concentration up to values of approximately 60%, and
the thickness of the oxidized layer depends on the time of the treatment.
Furthermore, the oxidation induced by the Ar plasma and exposure to air is
stronger than the one induced by the O2 plasma, and leads to layer differences
in oxygen surface concentration in the two cases for short (10 s) treatment
times.

The analysis of the Si2p peak at the surface of the sample also shows different
behaviors for the O2 and Ar plasma (Fig. 9.7). The two peaks of the samples
treated with Ar plasma are both shifted toward higher energies when compared
to the one of pristine silicone. The right hand side of the two peaks almost
overlaps, while the left hand side of the peak treated for 5min is significantly
broader than the one of the sample treated for 10 s. This indicates that in the
sample treated longer, a larger variety of Si-O bonds exist in comparison with
the sample treated for shorter time. Nevertheless, the shift indicates a strong
oxidation achieved regardless of the treatment time. Conversely, the two peaks
of the sample treated with O2 plasma behave differently. The sample treated
for 5 min shows a significant shift indicating strong oxidation, while the sample
treated for 10s is only broadened in the directions of high energies. The left
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Figure 9.7: Si2p peak detected on the surface by angle-resolved spectra
measurements at 110◦ for the samples exposed to different treatments: pristine
(solid line), Ar plasma for 30s (dashed line) and 5min (dotted line), O2 plasma
for 30 s (dash dotted line) and 5 min (dashed double dotted line).

handside of this peak overlaps with the one of pristine silicone and indicate a
weak oxidation of the material.

The changes in the silicone induced by the Ar plasma at different treatment times
are also monitored with ATR-FTIR before and after immersion in standard
HF/HCl solution (Fig.9.8). Several positive and negative peaks are measured,
and these are attributed to the corresponding chemical species according to
literature [130, 131, 132, 201, 202]

Prior to immersion in HF/HCl, several spectral changes are observed, and these
can be attributed to the modification of the silicone induced by the Ar plasma.
Negative peaks are observed at 795 cm-1, 1260 cm-1 and 2960 cm-1: these
corresponds to ruptures of Si-CH3 bonds in D-units and material demethylation.
Furthermore, the intensity of these peaks increases with the treatment time and
indicate that the demethylation is enhanced for long treatments. Small positive
peaks are also observed at 755 cm-1, 845 cm-1 and 1270 cm-1. These peaks
are attributed to Si-CH3 bonds in T-units and do not increase as a function of
treatment time, indicating that T-units formation only occurs at the beginning
of the treatment. Furthermore, several positive and negative peaks are observed
in the region 1000-1100 cm-1, corresponding to the Si-O-Si bond asymmetric
stretching vibration. A positive peaks appears at 1000 cm-1 and it is attributed
to an increase of strained Si-O bonds in the polymer matrix, while the two
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Figure 9.8: Differential ATR-FTIR spectra recorded for samples exposed to
Ar plasma before (left) and after (right) immersion in HF/HCl for different
treatment times of Ar plasma. 10 s (solid line), 30 s (dashed line), 1 min
(dotted line), 3 min (dashed dotted line), 5 min (dashed double dotted line).
The spectra are shifted to facilitate the reader.

negative peaks observed at 1020 and 1095 cm-1 correspond to a decrease of
D-units. The positive peak at 1060 cm-1 is attributed to an increase of the
silica-like phase and its intensity grows with treatment time, hereby confirming
the thicker oxide layer observed in the XPS depth profile for the sample treated
for longer time. Small positive constant peaks are also deconvoluted at 1040
cm-1 and 1130 cm-1 and indicate an increase in T-units constant with time,
thereby confirming the Si-CH3 trend. A broad shoulder is observed between
1120 and 1200 cm-1, and it is generated by different contributions. In addition
to the peak at 1130 cm-1 attributed to the T-units, a second peak is observed
at 1150 cm-1, which belongs to the Si-O in SiO2. Finally, a shoulder centered
at 3300 cm-1 is also measured, and this corresponds to formation of hydroxyl
groups Si-OH. Similarly to the peaks corresponding to the T-units, this shoulder
does not increase for longer treatment times.

After immersion in HF/HCl, most of the features of the spectra are still present:
these are the negative peaks attributed to the Si-CH3 groups and the Si-O bonds
in D-units and the positive peaks attributed to the strained Si-O bonds and
Si-O bonds in T-units. However, while the intensity for the Si-O bond in the
D-units is stable before and after immersion, the intensities of the other peaks
change: the Si-CH3 peaks are less intense and similar for the different treatment
times, while the time-dependence of the peak corresponding to strained Si-O
bonds is more evident in this case. Furthermore, some other peaks disappear:
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this is the case for the peak at 1060 cm-1 and the component of the broad
shoulder centered at 1150 cm-1 (SiO2) , while the shoulder centered at 3300
cm-1 (SiOH) decreases.

Similar to the case of an O2 plasma treated sample of paragraph 8.1.2, the
main effects of the Ar plasma are demethylation, an increase in crosslinking,
densification and oxidation: the modifications of the silicone fall into the three-
layer model proposed in paragraph 9.1.5. Furthermore, the effects of the HF/HCl
are identical in the case the sample is treated with an Ar or an O2 plasma: the
silicone is modified in the same way.

The type II samples are carried along the full passivation process, and the τeff
recorded by QSSPC are shown in Fig. 9.9 for the O2 (left) and the Ar plasma
(right). The PL pictures at 7×1015 cm-3 are also shown in Fig. 9.10 for the
samples treated with the O2 and Ar plasma for 10, 30 s and 5 min.

Fig. 9.9 indicate τeff differences between the samples below the error bar (±1
ms) regardless of the gas and the time of the treatment. However, this value
correspond to the τeff average measured on the center on the wafer, in an area
of approximately 4x4 cm2 [120] and does not take into account the value on
the edge of the wafers. Conversely, differences between the different treatments
arises in the τeff map obtained from the PL pictures (Fig. 9.10) : the samples
treated with Ar and O2 plasmas show uniform τeff across the full 5x5 cm2

surface regardless of the time of the treatment, while a low τeff ring is observed
on the sample treated with a very short O2 plasma (10 s), that progressively
disappears for longer treatment times.

In summary, all the different results indicate that, similarly to an O2 plasma, an
Ar plasma leads to strong oxidation of the silicone and formation of a three-layer
structure as detailed in paragraph 9.1.5. However, the appearance, chemical
composition and thickness of the modified layer changes significantly from one
sample to another and suggest differences in the modifications induced on the
silicone by O2 and Ar plasmas. These differences become significant at short
treatment times: while 30 s or even 10 s of Ar plasma are sufficient to form a
protective layer, this is not the case for the O2 plasma.

9.2.1.2 Discussion

The different appearance of the samples after treatment can be attributed to
the formation of different tensile stress in the modified top layer due to the
network mismatch with the bulk, untreated layer. The decrease of C/O ratio
leads to film shrinkage and formation of surface waves [225]. For high amount
of stress related to excessive network mismatch and/or layer thickness, the layer
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Figure 9.9: τeff as a function of injection level recorded for samples exposed to
Ar (left) and O2 (right) for different treatment times. 10s (black solid line), 30s
(red dashed line), 1 min (green dotted line), 3 min (blue dash dotted line), 5
min (brow dashed double dotted line).

Figure 9.10: PL pictures 7×1015 cm-3 of samples exposed to O2 (top) and Ar
(bottom) for different treatment times. 10 s (left), 30 s (middle) and 5 min
(right). The area of the silicone and the area of the wafers are indicated with a
dashed and a dotted white line respectively.
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can also crack. According to these considerations, the cracked layer observed
on the samples treated with the O2 plasma may suggest a higher stress built
up on the silica-like layer when compared with the samples treated with the Ar
plasma, the stress increasing with the treatment time.

The different appearances and the presence of cracks can also explain the
different hydrophobic recovery rates recorded in the two samples. Cracks
quicken the diffusion of dimethylsiloxane molecules from the bulk of the silicone
to the oxidized surface layer, and literature [199] describes this diffusion as
one of the strongest contribution to hydrophobic recovery [195]. Therefore,
hydrophobic recovery is faster when cracks are present, as is the case for all
samples treated with the O2 plasma. Furthermore, since the diffusion dominates
the hydrophobic recovery, the samples treated at different times shows similar
CA evolution over time. The situation is completely different for the Ar plasma:
the lack of visible cracks slows down the hydrophobic recovery, which is even
slower for smooth surface characterized by low built-in stress.

The reason for different layer stress may be explained considering the different
mechanisms that occur during and after the plasma treatments in the two cases.

In the case of the O2 plasma, no changes in surface appearance are observed
after sample unloading: this indicates that most of the modifications occurs
during the treatment thanks to the presence of O2 radicals. As soon as the
active sites are created by the VUV light and ion bombardment, the surface
is strongly oxidized by the radicals, forming a thin densified layer. This thin
densified layer is characterized by a higher absorption coefficient than pristine
and for this reason, partially filters the action of the VUV light and the ion
bombardment on the underlying layer [212]. In this way, the mismatch between
this thin densified layer and the underlying untreated silicone is significant,
creating stress. Higher stress is built up for longer exposures and causes more
cracks in the layer.

In the case of the Ar plasma, the appearance of the surface changes in contact
with air: the oxidation occurs after the treatment due to moisture absorption.
Indeed, during the treatment a number of reactive sites are created, together
with the other reactions induced by VUV and ion bombardment. The strong
oxidation facilitated by oxygen radicals does not occur, and the thin densified
layer is not formed. Subsequently, the action of VUV light and ion bombardment
on the underlying layer is not hindered and the network mismatch is small.
Once unloaded, the reactive sites react with the moisture present in the air,
and form a very thin silica-like layer. Considering this two-step modification
process, the differences in layer stress as a function of treatment time observed
in the samples can be explained. Short treatment leads to high built-in stress
because the underlying silicone is still very close to pristine, while the top layer
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is highly oxidized. Long treatment times lead to low built-in stress because the
underlying silicone is already more cross-linked than pristine as a result of the
long Ar plasma. A more gradual oxidation of the silicone in the sample treated
for longer time (5 min) is indicated by the time dependency of the peak at Si-O
at 1000 cm-1, decreasing with longer treatment times (Fig.9.8) and the shape of
the Si2p peak, which is broader and centered at lower energies than the sample
treated for short times (Fig.9.7)

In summary, in the case of the sample treated with an O2 plasma, the transition
between the silica-like layer and the pristine silicone is fast and generates more
stress. In the case of the Ar plasma, the two-step modification process leads to
a slow transition between the bottom pristine and the top silica-like layers and
less stress is generated.

However, this interpretation does not explain the low amount of surface O,i.e.,
35±1% (Fig. 9.6) and the similarities between the Si2p peak of the sample
treated for 10s in an O2 plasma and pristine silicone (Fig. .9.7). Regardless of
the mechanisms leading to oxidation, the surface should lead to a silica-like layer,
and hence, be highly oxidized (>50%). This phenomenon may be explained
by the different emission wavelengths of the two treatments: 130 nm for the O
and 104.8 and 106.7 nm for the Ar [218]. The O resonance line is less energetic
than the ones of Ar, and it may simply require longer times to create enough
reactive sites for efficient silicone oxidation. This hypothesis is also in line with
the low τeffuniformity observed only in the case for short O2 plasmas: without
a sufficient silicone oxidation, the protective layer is not completely formed and
is unable to prevent silicone-plasma interaction harmful for the passivation,
affecting the τeff.

Deeper understanding on the characteristics of the protective layer useful for
the passivation process is gained associating the τeff uniformity of the sample
treated with Ar plasma with the ATR-FTIR spectra of Fig. 9.8 (right). High
and uniform τeff across the surface is measured regardless of the treatment time,
and this indicate that the protective layer must form in the very beginning of
the treatment (under these experimental condition) and is little affected by the
treatment duration. Therefore, the phenomena that can contribute to protective
layer formation are indicated by the ATR-FTIR peaks of the sample treated for
10s after immersion in HF that are also present in samples treated for longer
time. These peaks indicate demethylation, crosslinking and densification as
causes for the protective layer formation. Interestingly, the same causes are
attributed to the formation of a protective layer in the case of an O2 plasma
and indicate that the presence of O2 radicals in the plasma is not necessary
for the formation of the protective layer. The small quantitative differences
observed between the peaks obtained with an Ar plasma (Fig.9.8) and with
an O2 plasma (Fig. 8.10) can be simply due to the different mechanisms of
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oxidation occurring in the two cases.

9.2.1.3 Conclusion

The comparison of samples treated with Ar and O2 plasma leads to very similar
results in terms of oxidation of the silicone and values of τeff and τeff uniformity,
although the mechanisms at which they operate are rather different . As a
consequence, it can be stated that the presence of O2 radicals during the plasma
treatment changes the oxidation mechanism, but this change is not crucial for
the formation of a protective layer required for the passivation of foil bonded
to glass. This is because the protective layer is represented by a crosslinked,
demethylized and densified silicone, and can also be formed with only exposure
of the sample to VUV light, ion bombardment and then to air.

9.2.2 Ion bombardment

According to the results of paragraph 9.2.1, the contribution of the O2 radicals
to the formation of the protective layer is considered secondary to the formation
of a protective layer. Therefore, the main contribution should come from
one of the two other mechanisms left during the O2 (and the Ar) plasma:
VUV light emission, ion bombardment or a combination of both. The relative
contribution of these two mechanisms can be discriminated qualitatively by
comparing samples treated either with an Ar plasma or with a UV lamp in an
Ar atmosphere. The sample exposed to Ar plasma is modified by the action of
VUV light and ion bombardment, while the sample exposed to the UV lamp is
modified by the action of UV light only.

Similar to the case of Ar and O2 plasma treatments, the differences between the
modifications induced on the silicone by the UV lamp and the Ar plasma do
not only account for the presence or lack of ion bombardment, but also for some
differences between the two setups. The UV lamp used emits at two wavelengths,
i.e., 185 and 254 nm with a power of 28 mW/cm2. These wavelengths are longer
than the ones used in the Ar plasma, i.e., 104.8 and 106.7nm. Furthermore, the
emission power of the plasma is not known: only the value for the input power
density Pinput is accessible and fixed at 636 mW/cm2 . Even considering only a
very small fraction (< 10%) of Pinput converted in light, the power emission in
the plasma is higher than the one in the UV lamp. These differences may affect
the way the silicone is modified, and presumably, under identical conditions, the
treatment will be weaker in the case of the UV-lamp for the reasons reported
in paragraph 9.3.2. Furthermore, the pressures of the two treatments are also
different,i.e., 100 and 760 mTorr (atmospheric pressure) for the Ar plasma and
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the UV lamp respectively: the higher pressure may lead to a weakening of the
UV light treatment [223].

In order to overcome these technological issues, the treatment times for the UV
are chosen much longer (5x-240x) than the ones for the plasma treatment. In
this way, the total amount of energy deposited on the sample by the UV light
in the case of the UV lamp increases considerably and becomes comparable
to the total input energy of the plasma treatment. However, the exact energy
deposited on the sample in the two methods is not known because of the
missing information on the power of light emitted during the Ar plasma, the
different pressure at which the two treatments operate and the different spectral
absorption of the silicone.

A second possibility to investigate the modifications induced on the silicone by
the UV light selectively toward the ion bombardment is the introduction of a
MgF2 window above the sample during the Ar treatment [212]. This window is
able to stop the ion bombardment, while transmitting the UV light. However,
common transmission spectra of commercially available MgF2 windows show
acceptable transmission (> 80%) only for wavelength above 150 nm [226], i.e.,
above the wavelengths of interest. Therefore, this method is not considered,
and the comparison between the sample treated with an Ar plasma and with
exposure to UV lamp appears to be the most convenient approach to withdraw
a qualitative conclusion on the contributions of the ion bombardment to the
formation of a protective layer.

In the following experiments, a set of type I and type II samples are prepared
and exposed to UV lamp in Ar atmosphere following the parameters: lamp
power 28 mW/cm2, Ar flow of 100 sccm, atmospheric pressure and times of
5, 10, 20 and 40 min. The ATR-FTIR spectra of type I samples are analyzed
before and after immersion in HF/HCl, while type II samples undergo the
complete passivation process. The results are compared with the ones obtained
for the samples treated with Ar plasma of paragraph 9.2.1 and conclusions are
drawn.

9.2.2.1 Results

After UV treatment and immersion in HF/HCl the appearance of the silicone
remains unvaried for all samples. Therefore, the analysis moves directly on the
ATR-FTIR and Fig. 9.11 shows the spectra of the samples exposed to the UV
lamp for different treatment times, before and after immersion in HF/HCl.

A number of positive and negative peaks are shown and these are attributed to
the corresponding chemical bonds according to literature [130, 131, 132, 201, 202]



146 STUDY OF THE IN-SITU PROTECTIVE LAYER

Figure 9.11: Differential ATR-FTIR spectra recorded for samples exposed to
UV lamp in Ar atmosphere before (left) and after (right) immersion in HF/HCl
for different UV treatment times. 5 min (solid line), 10 min (dashed line), 20
min (dotted line) and 40 min (dashed dotted line).The spectra are shifted to
facilitate the reader.

Negative peaks are located at 795, 1260 and 2960 cm-1 and 1020 and 1095 cm-1:
the first three can be attributed to losses in Si-CH3 bonds, while the last two are
assigned to decrease in Si-O bonds in D-units. Positive peaks are observed at
1030, 1130 and 1270 cm-1 and attributed to the formation of T-units. A broad
positive shoulder is also centered at 3300 cm-1 and attributed to formation of
Si-OH groups. All the mentioned peaks are also observed in the sample treated
with Ar plasma (see Fig. 9.8), meaning that phenomena of demethylation and
crosslinking occurs in the two cases. However, the relative intensity of the peaks
corresponding to T-units is much lower in the sample exposed to the Ar plasma
than in the one exposed to the UV lamp, indicating an enhanced crosslinking
in the case of exposure to UV lamp.

In addition to the common peaks observed in both treatments, two differences
between the spectra of the samples exposed to UV and Ar plasma are detected.
First, the samples exposed to UV do not present the peaks at 1000 cm-1, 1060
cm-1 and 1190 cm-1observed previously and linked to the silica-like phase and
induced stress. Second, an extra peak at 900 cm-1 is measured only in the sample
exposed to the UV lamp and suggests the appearance of second crosslinking
mechanisms of the silicone through alkyl bridges [190]. Finally, all the peaks
observed in the sample exposed to the UV lamp increase with time, indicating
that the phenomena of demethylation, crosslinking and oxidation increase for
longer exposures to UV light.
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A striking result is obtained also when comparing the spectra of Fig. 9.11
obtained before (left) and after (right) immersion in HF: the similarity between
the two spectra is undeniable and indicates that, differently from all previous
treatments, immersion in HF/HCl does not impact the modified layer.

Figure 9.12: τeff as a function of injection level recorded for samples exposed to
UV lamp under Ar atmosphere at different times: 5 min (black solid line), 10
min (red dashed line), 20 min (green dotted line) and 40 min (dashed dotted
line). τeff of a sample treated with an Ar plasma for 10 s is also included for
references (brow dashed double dotted line), (left). PL Picture at of the samples
exposed to UV lamp under Ar atmosphere for 5 min (top) and 40 min (bottom),
(right).

Fig. 9.12 shows the τeff measured by QSSPC on the samples exposed to UV
for 5, 10, 20 and 40 min and to Ar plasma for 5 min and the corresponding PL
pictures at 7×1015 cm-3 for extreme treatment times, i.e., 5 and 40 min. These
results show that the τeff measured on the UV-treated samples is lower than the
one obtained on the plasma-treated samples, although its value is higher than
the one previously obtained on untreated samples on a similar type of samples
(180 μs, see paragraph 7.3). Furthermore, a low τeff ring is observed on the
outer part of the sample, similar to what happens in case of untreated samples
or sample exposed to short O2 plasma treatments. These values indicate that
under these conditions, exposure to the UV lamp is not sufficient to form a
protective layer that prevents silicone-plasma interactions.
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9.2.2.2 Discussion

The results obtained here and their comparison with the ones of paragraph
9.2.1.1 show distinct silicone modifications in the two treatments. In the case of
the sample treated with UV, the lack of the ATR-FTIR peak at 1060 cm-1 and
the similarity between the spectra before and after immersion in HF indicates
no formation of the silica-like top layer. Furthermore, while the appearance of
the silicone before and after treatment changes in the case of plasma treatments,
this is not the case for the sample undergoing UV treatment.

These differences can be explained if the spatial ranges of the mechanism
inducing silicone oxidation are considered. The ion bombardment operates on a
range of a few tens of nanometers, i.e., much shorter than the one of the UV
light, i.e., a few micrometers. For this reason, the ion bombardment induces
modification only on a thin layer of silicone. Furthermore, in the case of UV
light, the absorption depth increases for longer wavelengths, and, therefore the
UV induced-modification affects a thicker layer in the case of the samples treated
with the UV lamp. For these two reasons, the density of energy deposited on
the top surface layer in the case of Ar plasma is presumably higher than the
one deposited in the case of the UV lamp. As a result, in the sample treated
with Ar plasma, the modification is stronger and, due to exposure to air, forms
the silica-like layer and induces stress in the material. In the sample treated
with UV lamp, the modification is mild and penetrates deeper into the material,
indicating a stress free and gradual oxidation. The number of reactive sites
in the top surface is lower and therefore, the contact with air does not form a
silica-like layer.

The values of τeff obtained for the samples exposed to UV light are higher when
compared to the samples obtained with the untreated silicone, and this prove
the formation of a more “robust” layer that partially protects the silicone during
the passivation process. However, these values are still not as high as the ones
obtained for the sample exposed to Ar plasma, which indicates that this robust
layer cannot be compared to the protective layer obtained in the case of Ar
(and O2) plasmas.

These two results may appear to be in contrast with the previously reported
interpretation on the composition of the protective layer. Previous experiments
show that silicone exposure to Ar or O2 plasma changes the structure of
the silicone into a three layer model: a bulk untreated silicone, a middle
crosslinked/strained layer and a top silica-like layer. The top layer is mainly
formed due to the combined effect of ion bombardment and UV-light (and in
part of the O2 radicals), while the middle layer is formed mainly thanks to
the effect of the UV-light only. During immersion in HF/HCl the top highly
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oxidized layer is removed, therefore the middle layer represents the protective
layer necessary to avoid degradation of the passivation. In the case of silicone
exposure to UV only, the middle cross-linked layer is formed and remains
unchanged during immersion in HF/HCl. According to this interpretation, the
formation of the middle layer in UV should be sufficient to provide high and
uniform τeff. However, this is not the case, and the differences observed in
the ATR-FTIR spectra of the samples treated with plasma and UV light after
immersion in HF dip can explain this contradiction.

In the plasma-treated samples the silicone changes aspect and a strained Si-O
bond peak at 1000 cm-1appears, while neither of these two phenomena are
observed in the samples exposed to UV. This means that surface densification
occurs only in the samples exposed to plasma, and this is the key phenomena
to form the protective layer, together with demethylation, crosslinking and
oxidation. Therefore, a protective layer is formed when the silicone is
demethylized, further crosslinked and densified thanks to the combined
contribution of the UV light and the ion bombardment.

9.2.2.3 Conclusion

The comparison between the samples treated in Ar plasma and UV light under
Ar atmosphere suggests that the protective layer is formed when a high energy
density is deposited on the top silicone surface. This high energy density induces
silicone demethylation, crosslinking, oxidation and densification of the film, and
these four characteristics are necessary to avoid interactions between the silicone
and the passivation process. In the case of the treatment considered, the high
energy deposition is facilitated by the combined mechanism of the UV light and
ion bombardment, therefore both these mechanisms are vital for the formation
of a protective layer. Nevertheless, the type of analysis performed in these
experiment are only valid for the experimental matrix considered. Therefore,
the opportunity to form the protective layer with a UV light treatment alone
cannot be excluded.

9.3 Toward a softer treatment

Previous paragraphs presented results on the different contributions to the
mechanism of protective layer formation: while O2 radicals have a limited role
(paragraph 9.1.1), the combined effect of UV light and ion bombardment is
necessary under the experimental conditions chosen (paragraph 9.1.2). This
is because the protective layer is formed only after deposition of high energy
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density on the silicone, which induces demethylation, crosslinking and creates
the conditions for silicone densification and oxidation.

With this information in hand, it is now possible to fine tune the process of
protective layer formation. In the beginning of the investigation (paragraph
8.1.2.2), the harsh experimental conditions were chosen in order to promote
strong oxidation of the silicone. Now, the parameters can be varied toward
softer treatments, i.e., with lower ion bombardment, as long as high energy
density deposition is afforded. A softer treatment is sought in order to decrease
the damage induced in the silicon foil observed in paragraph 8.2.

The ion bombardment can be reduced by decreasing the voltage at the sample
electrode Vdc, and, to do so, different methods exist. Firstly, by using a reactor
where the Vdc at the electrode can be varied independently from the Vp, in order
to tune the process to its optimal. However, at the moment of the investigation,
this option was not available. Secondly, by changing the different experimental
parameters. Literature shows that among others, Pinput influences the ion
bombardment and the intensity of the VUV light emitted [219]. Specifically,
in the range of experimental conditions considered, lower Pinput leads to lower
ion bombardment and weaker VUV intensity, i.e., to a softer treatment [223].
As such, the possibility to use a softer treatment to form the protective layer
is explored varying the Pinput of the Ar plasma: experiments are performed
in order to evaluate the effect on τeff and τeff uniformity for samples type II
treated in softer Ar plasma. The parameters chosen for the experiments are: Ar
flow of 100 sccm, time of 10 s, pressure of 100 mTorr and Pinput in the range of
127-636 mW/cm2. The treatment time is reduced to 10 s because it is observed
that a protective layer is formed also for this short treatment (see paragraph
9.2.1.1) and, according to literature, [203] the short time should also decrease
the wafer damage.

Fig. 9.13 shows the τeff (left) and the τeff uniformity (right) of the samples
processed using different Pinput for the Ar plasma treatment. In order to have a
more accurate evaluation of the τeff uniformity, this is not calculated by direct
comparison of the different PL pictures as in the previous cases. Instead, the
τeffvalues across the full surface are mapped and the τeff uniformity (Uτeff) is
expressed as the percentage between the average τeff measured at 2.5 mm from
the edge of the wafer and the maximum τeff measured, i.e., according to Eq.
9.1

Uτeff = 100× τeff (2.5)
τeffMax

(9.1)

The maximum τeff if commonly observed at the center of the wafer.
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Figure 9.13: τeff (left) of the samples treated with an Ar plasma with different
Pinput. 127 mW/cm2 (black solid line), 222 mW/cm2 (red dashed line),
618 mW/cm2 (green dotted line), 636 mW/cm2 (dashed dotted line). Uτeff
(right) measured as a function of Pinput. The region of typical uniformity for
freestanding wafers is highlighted by a red area.

Results shows that decreasing Pinput leads to a worse τeff uniformity, similar to
the ones observed for an incomplete formation of the protective layer. However,
a significant decrease below the value obtained for freestanding wafers,i.e 70%
is only observed for samples treated for Pinput below 318 mW/cm2. This means
that the ion bombardment is required to the formation of the protective layer,
but it can be moderately decreased.

9.4 Summary

In this chapter, the formation of the in-situ protective layer to be used for
passivation of wafers bonded to glass using a blanket structure is studied in-
depth. The protective layer is a silicone characterized by higher density, higher
degree of crosslinking and composed of a lower C/O ratio when compared to
pristine. Despite these modification, the layer is still polymeric and does not
contain any silica-like phase.

Such a protective layer is formed by deposition of high energies on shallow
(<100 nm) layers. The high energy density absorbed by the silicone leads to
phenomena of demethylation, chain scission and crosslinking, creating a high
number of reactive sites. If the silicone is exposed to an environment containing
reactive (oxidizing) species, the layer oxidizes and densifies. Thanks to this
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densification, the interactions between the silicone and the passivation process
are eliminated.

The protective layer can be formed by different methods, as long as a high energy
density is absorbed by the silicone. The methods tested experimentally are the
Ar plasma, O2 plasma and UV light in Ar atmosphere. Their performances
indicate that under the experimental conditions selected, a combination of VUV
light and ion bombardment is sufficient to provide the high energy deposition
required, while this is not the case for UV light only. With the experimental
data in hand, nothing can be stated on the impact of ion bombardment alone.

As a consequence of these investigations, in the following the O2 plasma
treatment chosen in paragraph 8.1.2.2 will be replaced by an Ar plasma treatment
with the process parameters of: Ar flow of 100 sccm, pressure of 100 mTorr,
power density of 318 mW/cm2 and time of 10 s. This treatment is softer than
the O2 plasma previously selected and is able to decrease the wafer damage
observed in paragraph 8.2, while still allowing the formation of the protective
layer necessary for the RS passivation of bonded wafers.



Chapter 10

Proof-of-concept

In this chapter, a proof-of-concept of the i2-module using standard wafers is
presented. The manufacturing flow is designed according to the recommendation
on processing in presence of glass and silicone provided in previous chapters.
The cells are based on the heterojunction interdigitated back contact (HJ i-BC)
technology and split in two: a group where the wafers remain freestanding
during the whole process and a bonded group where rearside (RS) processing is
performed on wafers bonded to glass pieces. These groups are chosen in order
to relate possible differences in performance only to the presence of silicone and
glass during processing and verify the results obtained on the passivation of
bonded wafers at device level. Additionally, device-related issues are indicated
and recommendation to improve the manufacturing flow are suggested.

10.1 Manufacturing Flow

The wafers used are 15.6x15.6 cm2 170 μm-thick Czochralski (Cz) n-type as-cut
wafers provided by SunEdison [135] with a resistivity (ρ) of 5.5 Ωcm and a bulk
lifetime (τbulk) of approximately 1.9 ms. The glass pieces used are 15.6x15.6
cm2 700 μm-thick quartz. The manufacturing flow is shown in Fig. 10.1, and
proceeds as follows.

1. The wafers are directly double-side textured in KOH:Monotex solutions
[227] without saw damage removal, cleaned in SPM and HF/HCl and
thermally oxidized at 950 ◦C (Fig. 10.1, a,b,c).

153
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2. The oxide is removed in HF/HCl and the wafers are cleaned a second
time in SPM and HF/HCl prior to Front Surface Field (FSF) formation.
This is performed through Phosphoryl Chloride (POFl3) diffusion and
drive in at 800 ◦C. (Fig. 10.1, d).

3. The wafers are thermally oxidized at 975 ◦C, with the formation of a thin
(25±1nm) dry oxide. The sheet resistance (Rsheet) of the FSF obtained
with this processing is approximately 400 Ω/sq (Fig. 10.1, e).

4. An Anti Reflection Coating (ARC) layer of Silicon Nitride (SiNx) is
deposited on the frontside (FS) of the oxidized wafers. The layer thickness
is adapted to fix the minimum spectral reflectance at 590±30 nm after
full processing for both groups. This means that the initial SiNx layer
for the freestanding wafers is approximately 12 nm thicker than the
one for bonded wafers in order to correct for layer thinning during wet
rearside (RS) processing. Indeed, several wet steps are necessary to form
the interdigitated pattern on the RS: during these steps the FS of the
freestanding groups is moderately etched, while the FS of the bonded cells
is protected by the glass piece and silicone (Fig. 10.1, f).

5. The thermal oxide is removed only on the RS of the wafer by vapors of
concentrated HF ( HF:H2O 1:2). The oxide-stripped wafers are immersed
in concentrated TMAH at high temperature (TMAH:H2O 1:4, 85 ◦C, 10
min) to remove the highly doped textured regions and obtain a smooth
RS necessary for lithography. Finally, a chemical oxide is grown on the
RS by immersion in SC2 (Fig. 10.1, g).

6. The wafers for the bonded group are downsized to 12.5x12.5 cm2(not
shown). The downsizing is motivated by the technological limitation
of the bonding tools: the maximum size for the screen printing of the
silicone layer is 13x13 cm2, and hence, it is not possible to manufacture
blanket structures with 15.6x15.6 cm2 wafers. The wafers are bonded
following the standard procedure of paragraph 4.1.3, including the second
outgassing developed in paragraph 7.2. During this time, the wafers for
the freestanding group are maintained under clean room atmosphere (Fig.
10.1, h).

7. From this moment on, the processes on the freestanding and bonded
wafers are performed in different batches and/or using different beakers,
in order to avoid cross-contamination between the two groups. Once
the bonding procedure is complete, the bonded samples undergo the Ar
plasma treatment and the HF-TMAH-HF post-bonding cleaning sequence
described in paragraph 9.4 and 8.1.2.4, respectively (Fig. 10.1, i).
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8. Immediately after the last HF/HCl dip, an a-Si:H(i/p) layer with a
thickness of 4 nm (a-Si:H(i)) and 12 nm (a-Si:H(p)) is deposited in the
AK100 reactor according to the parameters reported in Appendix B. This
a-Si:H(i/p) double layer is deposited on the RS of the wafers and serves as
an emitter. The freestanding wafers are not exposed to the Ar plasma, but
follow the same post-bonding cleaning sequences and emitter deposition
as the bonded wafers (Fig. 10.1, l).

9. A lithography step is performed to define a pattern of 16 2.5x2.5 cm2

cells both on the freestanding and the bonded wafers (see Fig.10.2). The
a-Si:H(i/p) is patterned by immersion TMAH:H2O (1:100, 50 ◦C, 15 min),
creating deep (170 nm) trenches for alignment in consecutive lithographies.
The chemistry is selected according to the compatibility requirements of
the resist. Afterwards, the resist is removed in a sequence of Acetone, IPA
and SC1 at room temperature (RT) and the surface is cleaned by a short
dip (15 s) in HF/HCl (Fig. 10.1, m).

10. Immediately after immersion in HF/HCl, an a-Si:H(i/n) layer with a
thickness of 4 nm (a-Si:H(i)) and 14 nm (a-Si:H(n)) is deposited in the
AK1000 reactor on the freestanding and bonded cells according to the
parameters reported in Appendix B. This a-Si:H(i/n) double layer serve
as Back Surface Field (BSF) of the device (Fig. 10.1, n).

11. The a-Si:H(i/n) is lithographically patterned by immersion in TMAH:H2O
(1:100, RT, 3 min) without degrading the a-Si:H(i/p) layer, and the resist
is removed with a sequence of Acetone, IPA and SC1 as used previously.
As such, an HJ i-BC pattern is formed on the RS of the cell only using
wet chemistries that are compatible with the silicone on the basis of the
results of paragraph 6.2 and 8.2 (Fig. 10.1, o).

12. After a short (15 s) immersion in HF/HCl, a layer of 150±5 nm of ITO
is deposited on the full cell area. The ITO serves as a RS optical spacer
[77] and is characterized by a carrier concentration (ne) of 4×1019 cm-3, a
mobility (μ) of 20 cm2/(V*s) and a Rsheet of 425 Ω/sq. The metallization
is completed by e-beam evaporation of a 1.2 μm-thick copper layer (Fig.
10.1, p).

13. The double ITO/Cu layer is lithographically patterned by immersion in a
commercial Phosphoric Acid Etching Mixture [228] and HCl:H2O 3:2 for
4 and 3 min respectively. Both solutions are used at RT (Fig. 10.1, q).

After resist removal, the cells are diced and annealed for 5 min in N2 atmosphere
at 150 ◦C in order to recover the sputtering-induced damage of the passivation
[187, 229]. A picture of the finished (bonded) devices prior to dicing is presented
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Figure 10.1: Scheme of the Manufacturing flow. The (bonded) device is drawn
after each process step: (a) starting point, (b) texturing, (c) oxidation, (d) FSF
formation, (e) oxidation, (f) SiNx deposition, (g) RS polishing, (h) bonding, (i)
Ar plasma, (l) emitter formation, (m) emitter patterning, (n) BSF formation,
(o) BSF patterning, (p) Cu/ITO metallization, (q) Metal patterning. The
freestanding devices undergo the same flow except for step (h) and (i). For a
matter of simplicity, only the unit cell is presented. The drawings are not in
scale.
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Figure 10.2: (Bonded) POF after full processing.

in Fig. 10.2. The JV characteristics of all freestanding and bonded devices are
measured with an illuminated area of 2x2 cm2 at different illumination levels
ranging from dark to 1 Sun and values of specific shunt resistance rshunt are
extracted. The Internal Quantum Efficiencies (IQEs) of the best cells of each
group are extracted from measurements of spectral response, reflectance (R)
and transmittance (T ). The device saturation current density (J01), the ideality
factor (n), the apparent specific series resistance (rseries), the pseudo Fill Factor
(pFF) and the pseudo Efficiency (pEff ) are measured by Suns-Voc [47],while the
ideal Fill Factor FF0 is calculated theoretically [49]. The pattern dimensions
and surface appearance are measured by Scanning Electron Microscopy (SEM) .

10.2 Cell Characterization

Table 10.1 reports the average parameters for the freestanding and the bonded
group, together with the ones of the best cell of each group. The parameters
of the i-BC reference cell used for irrandiance calibration are also shown. The
reference i-BC cell has the same geometry as the POF, but the emitter and the
BSF are processed using high temperature diffusions of dopants and contacted
using only a small fraction of the surface area (< 0.5%). More information
on the reference cell processing and structure is reported in [106]. A large
scattering is observed for both groups of the POF, and this may be related
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to the wafer-to-wafer difference, to the position of the different cells on the
same wafer and to the reproducibility of certain process steps (lithography).
Furthermore, maximal Jsc reported achieve state-of-the-art values above or equal
to 40 mA/cm2 and are moderately (1.2 mA/cm2) higher for the freestanding
cells. Low Voc and FFs are also reported.

Table 10.1: Parameters measured for the bonded and the freestanding group
(averages and best cells). The parameters measured on the reference cell used
for irrandiance calibration are also shown.

Group Jsc [mA/cm2] Voc [mV] FF [%] η[%]
Bonded (Average) 37.1±2.7 665±19 49.4±4.8 11.8±1.9

Freestanding (Average) 38.7±1.7 667±16 52.3±5.1 13.5±1.4
Bonded (Best cell) 40.0 675 57.6 15.6

Freestanding (Best cell) 41.2 674 55.5 15.4
Ref. Cell 41.1 675 77.8 21.6

Fig. 10.3 shows the light JV curves for several freestanding and bonded cells,
together with the curve of reference i-BC cell used for calibration. No significant
shunt paths are observed, but the I-V characteristic is deformed at high forward
bias and acquires a so-called S-Shape [230, 231]. This S-shape is associated with
a low FF (< 60%) and leads to erroneous evaluation of certain cell parameters,
i.e., Voc, rseries and η [231]. Therefore, the performances of the freestanding
and bonded devices cannot be compared with a simple light JV and the different
cell parameters are evaluated by separate characterization.

The R, T, EQE and IQE measured by spectral response are shown in Fig. 10.4
for the best cells of each group.

In the short wavelength range (300-400 nm), R of the bonded cells is lower
than the one of the freestanding cells. Furthermore, in the medium wavelength
range (4000-1000 nm), R of the bonded cells is smoother and higher than the
one of the freestanding cells. These two phenomena are also shown in previous
comparisons between bonded and freestanding cells [40] and are in line with
the effect of the presence of silicone and glass during the measurements. The
better refractive index matching of the stack air / glass / silicone / wafer
compared to air / wafer decreases the R at short wavelengths and limits its
spectral dependence in the medium wavelengths. In the high wavelength range
(1000-1200 nm) this difference disappears because the R mainly depends on the
RS metallization: the two groups have similar ITO / Cu stacks and hence, they
present similar R and T spectra.

The differences in R translate in differences in EQE: the EQE of the bonded
cells is lower than, higher than and identical to the one of the freestanding
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Figure 10.3: Light JV characteristic of the bonded (solid lines), freestanding
(dashed lines) cells. For a matter of clarity, only three cells per group are
represented. The light JV for the I-BC reference cell used for irrandiance
calibration is also shown (dotted line).

cells for the short, mid and long wavelength range respectively. Furthermore,
the IQEs of both cells overlap on the full spectrum range, suggesting that the
differences in EQE are exclusively related to the differences in R.

The IQE is above 95% for the visible (mid wavelength) range, with a significant
response also in the infrared (long wavelength) range. These two results indicate
spectral-independent carrier collection on the device and are related to the
technological choices for the FS and the RS of the cell. On the one hand, the
lowly-doped highly-transparent well-passivated FSF avoids parasitic absorption
(PA) and affords FS carrier collection [106]. On the other hand, the specifically
designed ITO/Cu metal stack provides state-of-the-art R of approximately 58%
at 1200 nm that considerably extends the optical path in the device [232].

To confirm the high Jsc observed in the light JV measurements, the spectral
currents are calculated: these are 41.3 mA/cm2 and 40.1 mA/cm2 for the
freestanding and bonded cells, and therefore, moderately higher for the
freestanding. However, the amount of reflected current is 1.1 mA/cm2

(freestanding) and 2.2 mA/cm2 (bonded), while the amount of integrated
spectral current without the effect of reflectance is 42.4 mA/cm2 (freestanding)
and 42.3 mA/cm2 (bonded). This difference means that, considering the
experimental error, the different Jsc in the two case are exclusively related to
the different R of the two samples. If the cells are measured in similar conditions,
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Figure 10.4: Reflectance R (black), Transmittance T (red), EQE (blue) and
IQE (green) for the freestanding (solid line) and the bonded (dashed line) best
cells of table10.1, as measured by spectral response.

for instance by encapsulation of the freestanding cell after processing, the Jsc
will be comparable. In turn, this implies that comparable currents can be
obtained in case of freestanding and bonded cells, and this parameter is not
influenced by the presence of silicone and glass during processing.

The values measured by Suns-Voc, together with the calculated FF0 are
summarized in Table 10.2 and show comparable results for both groups: thanks
to the recommendation provided in the previous chapters, no influence of the
presence of silicone and glass during processing on cell performance is observed.

Table 10.2: Average parameters measured by Suns-Voc and calculated FF0.

Group pEff [%] Voc [mV] pFF [%] rseries[Ωcm2] n J01 fA/cm2 FF0 [%]
Bonded 20.6±1.2 662±13 80.1±1.1 0.80±0.14 1.2±0.2 270±72 83.0±1.4

Freestanding 21.2±1.3 658±10 81.2±0.8 0.73±0.09 1.1±0.1 300±92 81.9±2.6

The Voc measured by Suns-Voc can be considered an exact measure of the real
Voc, without the effects of the S-shape observed in Fig.10.3 [230, 233]. The
values measured are approximately 660 mV and comparable for both groups,
indicating the same passivation achieved on bonded and freestanding devices.
However, the value is considerably lower (approximately 80 mV) than state-of-
the-art HJ i-BC [51, 60], and indicates significant losses in passivation. The



CELL CHARACTERIZATION 161

losses are also confirmed by the J01 in the order of 300 fA/cm2, relatively high
when compared to typical values of HJ, in the order of 10-20 fA/cm2 [51, 60].
In order to understand which process step is responsible for the losses in
passivation, the implied Voc after sensible process steps are calculated from
QSSPC measurements and compared to the Voc measured by Suns-Voc on
the finished device (Fig. 10.5). The Voc are approximately 700 mV after
SiOx thermal growth, SiNx and a-Si:H(i/p) depositions, indicating excellent
interface passivation after these process steps. Furthermore, this result confirm
at device level the efficacy of the solutions developed to eliminate the impact
of silicone and glass on the passivation of bonded wafers. A strong decrease of
approximately 30 mV is witnessed after a-Si:H(i/p) patterning and a-Si:H(i/n)
deposition, indicating degradation of the passivation. The patterning of the
a-Si:H does not lead to further degradation, while the ITO sputtering further
reduces the implied Voc to values of approximately 590 mV. This fall in Vocafter
ITO sputtering is expected and related to the sputtering damage [187], which
is mostly recovered after final contact annealing [229].

Hence, the main passivation losses that cannot be recovered by the final contact
anneal occur after the a-Si:H(i/n) deposition. In order to qualitatively investigate
whether these losses come from the a-Si:H(i/n) /c-Si interfaces or possible
degradation of the other passivated interfaces during a-Si:H(i/n) deposition,
uncalibrated PL pictures of the finished devices are taken for the freestanding and
bonded cells (Fig 10.6, left).The color difference between the emitter and the BSF
fingers indicates that, among the c-Si/SiOx, the c-Si/a-Si:H(i/p) and the c-Si/a-
Si:H(i/n) interfaces, the lowest passivation is obtained in the c-Si / a-Si:H(i/n)
BSF regions. This result is in contrast with the literature and previous in-house
tests, since a-Si:H(i/n) layers usually provides better interface passivation than
a-Si:H(i/p) layers on c-Si wafers [234] (See appendix B). Therefore, the c-Si/a-
Si:H(i/p) and the c-Si/a-Si:H(i/n) interfaces are investigated with SEM. Fig
10.6 (right) shows one side of the trench etched in the c-Si, and a portion of the
emitter (top right) and the BSF (bottom left) fingers. The difference between
the roughnesses of the regions is remarkable, with the BSF surface much rougher.
This difference is attributed to the different surface preparations followed by
the two regions prior to a-Si:H PECVD: the emitter region follows the HF-
TMAH-HF sequence described in paragraph 8.1.2.4, while the BSF region is
etched with a TMAH solution at higher temperature and lower concentration
(see paragraph 10.1). Evidently, the conditions chosen for the TMAH etch of
the BSF region increases the surface roughness, with this trend also witnessed
in literature [162]. It is known that higher surface microroughness leads to less
efficient a-Si:H passivation [70] and hence, the higher roughness of the BSF
region is indicated as the main reason for the drop in implied Voc measured
after one a-Si:H(i/n) deposition. Nevertheless, the Voc and the PL mapping
are similar for both groups and indicate that this loss is independent of the
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processing in the presence of silicone and glass.

Figure 10.5: Implied Voc extracted from QSSPC measurements for the
freestanding (blue bar) and bonded (red bar) devices after significant process
steps. After growth of thermal oxide (SiOx), deposition of the ARC (SiNx),
bonding and a-Si:H(i/p) deposition (aSi ip), a-Si:H(i/p) patterning and a-
Si:H(i/n) deposition (aSi in), a-Si:H(i/n) patterning (Pattern), ITO deposition
(ITO), Cu deposition, ITO/Cu patterning, dicing and contact annealing
(Device).The value of Voc measured on the finished device (device bar) is
measured by Suns-Voc.

Figure 10.6: Uncalibrated PL picture for a bonded (top) and freestanding
(bottom) cell. The Emitter bus bar is placed on top of the cell, while the BSF
busbar is placed on the bottom of the cell (left). SEM picture of the emitter
(top right) and BSF (bottom left) regions (right).
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The low FFs reported in Table 10.1 can be attributed to different causes, i.e.,
low rshunt, high J0 ,high rseries or formation of Schottky diode at the metal-
semiconductor contact [65, 95]. The comparison between the FF0, the pFF and
the FF of Table 10.2 can discriminate these causes. The difference between the
ideal FF0 and the pFF is smaller than the one between the pFF and the FF of
the cells, indicating that the main FF losses are related to rseries. However, the
apparent rseries measured by Suns-Voc 10.2 is below 1 Ωcm, i.e., not able to
justify such a low FF.

In order to solve this contradiction, light-dependent JV measurements are
performed in the range from 0.02 to 1 Sun for the best cell of each group,
together with the high efficiency cell used for calibration. From this curves, two
physical quantities are extrapolated and plotted as a function of light intensity
(Fig. 10.7, top). On the one side, the ratio Rj of the current density at 70%
of the measured Voc, i.e., J70% and the current density measured at 0 V, i.e.,
JSC is calculated according to Eq. 10.1

Rj = 100× J70%
Jsc

. (10.1)

On the other side, the apparent rseries is fitted in the range of high voltages
(> 90% of Voc) with a linear model.The trend of these quantities as a function
of the light intensity can indicate whether the losses in FF are related to
an effective high rseries or to the presence of a Schottky diode in the circuit
(Fig.10.7, bottom) [230, 235]. In the first case, rseries is constant or may manifest
a moderate linear decrease as a function of the light intensity, while the Rj
increases as a function of the light bias. In the second case, the fitted rseries
values exhibit a non-linear decrease, and the Rj increases as a function of light
bias. For a cell with reasonable (>70%) FF, Rj and rseries are constant. More
information on this method is reported in [230, 235].

Fig.10.7 shows that Rj measured on the bonded and freestanding cells decrease as
a function of the light intensity, while the one for the reference cell remain stable
around 100%. Moreover, the Rseries fitted for the bonded and freestanding cells
manifest a non-linear decrease, while the one for the reference cell is constant
and much lower compared to the other two. Thus, the main reason for the FF
factor losses is attributed to the presence of a Schottky diode at the Cu / ITO
/ a-Si:H contact [230, 235]. Furthermore, according to literature, the presence
of a Schottky diode may also explain the drop in Voc observed between the
values measured after a-Si:H(i/n) deposition and the one on the finished device
[236]. Additional investigations are performed in order to understand at which
interface Schottky diode is formed, and these are reported in the following
paragraph.
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Figure 10.7: Rj (left) and rseries (right) as a function of the light intensity for
the Ref. Cell (triangles) and the best cell for the freestanding (circles) and the
bonded (squares) groups (top). Electrical scheme of the double-diode model of
a solar cell in presence of a Schottky diode at the metal contact [235] (bottom).

10.3 Schottky Diode

The Schottky diode responsible for the S-Shaped JV characteristic of Fig. 10.3
can be formed either at the ITO / Cu or at the a-Si:H / ITO interface. The
ITO / Cu interface should present an ohmic behavior because of the high carrier
density in the two materials. Non ohmic-behavior at the ITO/metal contact
can only be attributed to the formation of an interfacial oxide between the two
materials due to processing delay. However, this hypothesis is excluded from
the analysis thanks to contact resistance measurements performed on Transfer
Length Measurement (TLM) [237] Metal / ITO structures with different metals
[238] . These tests provided rcontact as low as 0.01 Ω.cm2 , considered negligible
for the values of rseries measured in the cells. The a-Si:H / ITO interface can be
modeled with a a metal-semiconductor contact governed by the band alignment
at the interfaces [65, 95]. In the case of a-Si:H (n) / ITO contact, both materials
are n-type and an ohmic contact is formed [60]. Conversely, in the case of
a-Si:H(p) / ITO contact, the carrier conduction occurs through band-to-band
tunneling and may show Schottky-like behavior, according to the characteristic
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of the ITO and a-Si:H(p) [95]. Literature shows that ITOs having low work
function (φ <4.8 eV) and a-Si:H layers too thin (<5 nm) and highly-resistive
(>1×105 Ω.cm) can all hinder tunneling and enhance rectifying behavior of
the contact [65, 95, 231, 236, 239, 240]. In order to understand whether the
formation of the Schottky contact is attributed to a non-adapted ITO or to a
thin/highly resistive a-Si:H(p) additional experiments are performed.

The φ of the ITO is qualitatively evaluated with the help of Kelvin Probe
measurements [241]. This method is able to measure the φ difference between the
surface of the material analyzed and the metal of the probe. More information
on this technique can be found in Appendix D. The samples used for Kelvin
Probe measurement are processed as follows: a 150 nm-thick ITO layer is
deposited on 2x2 cm2 700 μm-thick n-type Cz oxidized polished wafers with an
uncontrolled ρ between 1-100 Ωcm. The φ of the ITO is changed by varying the
carrier concentration (ne) of the material in the range 1×1019 - 4×1020 cm-3,
with 4×1019 cm-3 the ne for the ITO used in the POF. On half of the surface of
each sample, a layer of 150 nm of gold (Au) is deposited as a reference. Gold is
chosen because of its high φ of approximately 5.1-5.5 eV [242] and its resilience
to oxidation. By comparing the signal measured by Kelvin probe on the surfaces
of the gold and the different ITOs, it is possible to evaluate qualitatively the
ITO work function (φ) , and state whether this is lower or higher than the one
of the gold. The scheme of the samples, as wells as the results are reported in
Fig. 10.8 (left).

The effect of the a-Si:H(p) conductivity and thickness on the ITO/a-Si:H(p)
Schottky diode is evaluated by comparing the dark JV curves of ITO / a-
Si:H(i/p) / c-Si (n) / a-Si:H (i/n) structures contacted using the same ITO as in
the cells (ne = 4×1019cm-3 ) and two different a-Si:H(p) (Fig. 10.8, right). The
two a-Si:H(p) layers are: (1) the one implemented in the cells, with a resistivity
of 1×105 Ωcm and a thickness of 12 nm and (2) a layer with a resistivity of
2×104 Ωcm and a thickness of 18 nm. In the following, these two layers are
defined as a-Si:H(p)cell an a-Si:H(p)test. The a-Si:H(p)test is deposited according
to the conditions of: 220 ◦C (Tdep), 0.7 Torr (Pressure), 100 sccm : 50 sccm
(SiH4:B2H6 flow), 23 mW/cm2 (Pinput). To be remarked that this layer is
deposited at 220 ◦C, i.e., above the Tdep limit for silicone processing stated
in paragraph 7.2.8. The two a-Si:H(i) layers between the a-Si:H(p) and the
c-Si(n) wafers have similar thicknesses around 4±1 nm and resistivity around
1×107 Ωcm and, therefore, the possible differences observed in the dark JV
measurements are attributed only to the characteristics of the a-Si:H(p) layers.
The a-Si:H(i/n) layer is the same as the one implemented in the cells, and
the metallization is performed using Ag on the ITO side and Ti / Al on the
a-Si:H(i/n) side without ITO. Thus, the complete structure is a stack of Ag /
ITO / a-Si:H(p) / a-Si:H(i) / c-Si(n) / a-Si:H(i) / a-Si:H(n) / Ti / Al (Fig.10.8,
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Inset). The contribution to the rseries of the wafer, the bulk layers and the ITO
/ Ag and a-Si:H(n) / Ti / Al interfaces are estimated either by 4-point-probe
measurements or by Transfer Length Method measurements (TLM) [243]: the
overall contribution remains below 0.1 Ωcm. Knowing this value, the a-Si:H(p)
/ ITO specific contact resistance rcontact can be extracted by fitting the double
diode model to the dark JV curves [13].

Figure 10.8: ITO φ measured as a function of ne (left). Dark JV curves measured
on the a-Si:H(p)cell (solid line) and a-Si:H(i/p)test (dashed line), (right). The
corresponding sample structures for the two measurements are also shown in
the figure insets.

Fig.10.8 shows the φ variation measured on the gold and the ITO surfaces of the
different samples as a function of ne. The ITO corresponding to 4×1019 cm-3,
i.e., having the same characteristic of the one implemented in the POF shows a
higher φ than the one measured on the gold. Hence, the φ of this particular
ITO is higher than the one of gold. However, an absolute value of the ITO φ
cannot be stated due to the limitations of the setup described in Appendix D.
Furthermore, increasing the carrier concentration of the ITO leads to a decrease
of the φ of the ITO. This trend is expected and confirms the validity of the
method: a lower ne moves the Fermi level (Ef) closer to the vacuum level and,
as a consequence, decreases the φ.

Fig.10.8 also shows the dark JV curves for the samples Ag / ITO / a-Si:H(p) / a-
Si:H(i) / c-Si(n) / a-Si:H(i) / a-Si:H(n) / Ti / Al with the two different a-Si:H(i/p)
layers, i.e., the a-Si:H(p)cell an a-Si:H(p)test. The two curves present radically
different slopes in the region above 0.8 V, i.e., where the JV characteristic
is dominated by the rseries [13]. Specifically, the curve for the a-Si:H(p)cell is
much less abrupt than the one for the a-Si:H(p)test, indicating higher (apparent)
rseries. The fitting of these curves to the double-diode model in the region
0.4-1 V indicate rseries of 14.7 Ωcm2 and 0.7 Ωcm2 for the a-Si:H(p)cell and
a-Si:H(p)test respectively, which confirms the high (apparent) rcontact of the
ITO/a-Si:H(p) interface for the a-Si:H(p)cell.
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These two results indicate the a-Si:H(i/p) layer as the main reason for the
formation of a Schottky diode observed in the POFs. Indeed, the ITO used in
the cells presents reasonably high φ and is able to form a low-resistive contact
with a-Si:H(p) in case this layer is more conductive and thicker than the one
used in the POF.

10.4 Conclusion and Outlook

A POF of the i2-module is fabricated and presented. The performances obtained
in the freestanding and bonded devices are comparable, except for the higher Jsc
observed in the freestanding devices. In-depth analysis shows that the difference
in Jsc is exclusively related to the presence of glass and silicone during the
measurements, and not to process-induced degradation of the device. As such,
the results obtained in the previous chapters are also confirmed at device level
and indicate that the recommendations provided are useful to eliminate the
negative influence of the presence of silicone and glass during processing.

Nevertheless, the POF performances remains limited due to some device-related
issues, i.e., a poor interface passivation in the BSF regions and the formation
of a Schottky diode at the ITO / a-Si:H(p) metal contact. The low interface
passivation is due to an etching-induced increase of surface roughness and to the
presence of a Schottky diode in the circuit, while the formation of a Schottky
diode is related to the characteristics of the a-Si:H(p) emitter.

Therefore, the manufacturing flow should be modified in order to achieve state-
of-the-art efficiencies. On one side, the chemistries used for the a-Si:H(i/p)
patterning prior to BSF deposition should be replaced by methods that do
not affect the surface roughness. In the short-term, this can be done either
by increasing the TMAH concentration and temperature [162] or by turning
to other silicon etchants, for instance diluted HF:HNO3 mixtures [209]. These
methods can be implemented with the conditions that the resists (and the
silicone) withstand the chosen solution for the necessary etch time. In the long
term, more advanced patterning techniques that do not require wet etching or
complete removal of the a-Si:H layer may also be considered [244, 245].

On the other side, a more conductive and/or thicker layer is needed to enhance
the carrier tunneling at the a-Si(p) / ITO interface and create an ohmic contact.
This can be done by changing the deposition conditions in order to form a more
doped a-Si:H(p) layer. However, a more doped a-Si:H(p) is also characterized
by a higher defect density and may compromise the a-Si:H(i)/ c-Si interface
passivation [71]. Another solution reported in literature is the insertion of a
microcrystalline μc-Si layer between the a-Si:H(p) and the ITO layers, which
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is shown to abruptly decrease the contact resistance, without affecting the
interface passivation [246].



Chapter 11

Summary and Perspectives

The surface passivation of wafers bonded to glass with a silicone-based adhesive
is investigated. Specifically, the query faces the interactions between the a-Si:H
surface passivation and the material the wafer is bonded to, i.e., the glass,
and the material the wafer is bonded with, i.e., the silicone. The glass-process
and the silicone-process interactions are studied separately for the three steps
composing the passivation process, i.e., bonding, post-bonding cleaning and
a-Si:H PECVD. In this way, the effects of the presence of glass and silicone on
the passivation performance are evaluated. Additionally, methods to remove
these effects and afford state-of-the-art passivation are developed and tested at
wafer and device level. As a consequence of these investigations, a summary of
the results and perspective for future research are described in the following
paragraphs.

11.1 Glass-Process Interactions

The presence of glass during wet surface cleaning of the wafers does not influence
the a-Si:H passivation. Among the different chemistries used for wet cleaning,
the glass is significantly etched only in HF-based solutions, with etch rates
depending on the type of glass and on the chemistry composition. During
etching, metal contaminants leach from the borosilicate and soda-lime glass to
the solutions. The detected contaminants are Ca, Cr, Cu, Fe, Ga, K, Zn, Mn
and Sr and, during wafer immersion in the contaminated solution, these are
transferred to the wafer surface. However, thanks to the characteristics of the
HF solutions, the cross-contamination is limited even for significant amount

169
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of glass etched in the solution. The concentration of contaminants on the
wafer surface remains below the critical limit for semiconductor processing and,
hence, no differences are seen between the a-Si:H passivation quality of wafers
immersed in contaminated or clean solutions.

The presence of glass during a-Si:H PECVD leads to multiple effect on the
passivation.

On one side, the presence of a glass piece between the grounded substrate holder
and the wafer introduces a temperature gradient between the heating source,
i.e., the holder, and the wafer. Subsequently, the effective a-Si:H deposition
temperature Tdep decreases. The variation is quantified as a function of the
thickness of the piece of glass and the set temperature is adjusted to maintain
the same Tdep regardless of the sample used, i.e., wafer or wafer bonded to
glass.

On the other side, the introduction of a glass piece sets the wafer potential to
a floating value (Vf), different from the ground (Vg). The change in potential
results from two concurrent effects: the reduction of interelectrode distance and
the introduction of an additional capacitance (i.e., the glass) in the plasma
circuitry. These two effects and their influence on the a-Si:H quality and
passivation are studied separately using conductive and insulating substrate
carriers. A shorter electrode distance increases the plasma power density, leading
to higher ion bombardment and faster a-Si:H deposition rate rd. Subsequently,
the a-Si:H layer formed at shorter interelectrode distance is more defective and
the quality of the surface passivation decreases. The introduction of an additional
capacitance leads to an opposite effect and lowers both ion bombardment and rd.
Therefore, the a-Si:H is less defective and the quality of the surface passivation
improves. The extent of these two effects depends on the characteristics of
the plasma sheath and glass: in the experimental configuration used, they are
counterbalanced and, hence, rd and surface passivation are similar regardless of
the sample used, i.e., wafer or wafer bonded to glass.

In conclusion, the influence of glass on the passivation process is limited and
can be easily eliminated accounting for the temperature gradient experienced
during a-Si:H PECVD.

Nevertheless, an in-depth characterization of the plasma with and without
the presence of glass would be beneficial to strengthen the conclusions
of the study. Indeed, the trends observed are only qualitative, and the
hypothesis are formulated on the basis of ex-situ analysis and previous
literature. In-situ quantitative measurements of the plasma potential and
plasma depletion, for instance with the help of a Langmuir probe or Optical
Emission Spectroscopy [205], may be useful to support (or contradict) the
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suggested thesis. Unfortunately, such measurements could not be performed in
the current work due to the experimental limitations of the reactor used.

Furthermore, in order to gain a finer understanding of the plasma-glass
interactions, the study should not be limited to two variables, i.e., interelectrode
distance and plasma power density. The variation of additional parameters such
as pressure and gas flow should also be considered in an extended experimental
matrix. In fact, plasma variables interplay constantly [150] and their effect
on the passivation often results from combined variation. In turn, the finer
understanding may be useful to push the quality of the interface passivation
beyond the reactor limits thanks to the presence of a glass piece in the plasma
circuitry.

Furthermore, in a more long-term perspective, i.e., in the view of a commercial
application of the i2-module, studies on the glass-process interactions should be
repeated on commercial module glass.

11.2 Silicone-Process Interactions

Silicone-process interactions of different types are witnessed, and all lead to
strong degradation of the passivation.

Surface contamination of the wafer is observed during the bonding process,
presumably originating from the silicone. Due to this contamination, post-
bonding wet cleaning becomes necessary. However, the immersion of the wafer
with the silicone in different chemistries leads either to silicone degradation or to
incomplete surface cleaning and point at the need of a complex cleaning sequence.
Silicone exposure to a-Si:H PECVD triggers outgassing of cyclic oligomers and
photo-induced demethylation of the material. These two phenomena release
organic species in the plasma atmosphere that dissociate and integrate into the
a-Si:H growing layer. As a result, the structure of the a-Si:H is modified and
the surface of the bonded wafer is poorly passivated.

The phenomena of outgassing during a-Si:H PECVD is solved by the introduction
of an outgassing step beforehand and fixing an upper limit to the a-Si:H Tdep.
This outgassing step (“second outgassing”) removes most of the cyclic oligomers
prior to a-Si:H PECVD, and the Tdep help to avoid residual outgassing during
a-Si:H PECVD.

The phenomena of photo-induced demethylation during a-Si:H is removed by
the formation of a protective layer covering the silicone during the passivation
process. Two methods for the formation of the protective layer are developed:
a first one consisting in the deposition of a capping layer on the silicone and a
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second one consisting in the modification of the silicone surface and formation
of the protective layer in-situ. In parallel, cleaning sequences compatible with
these methods and able to remove the organic-based surface contamination
witnessed during bonding are also established. As a result, state-of-the art
interface passivation of bonded wafers comparable to the one of freestanding
wafers is obtained for both methods.

The second method, i.e., the formation of the protective layer in-situ is
considered more advantageous than the first one, i.e., the deposition of a capping
layer, because it is self-aligned. For this reason, it is further investigated. The
in-situ layer is a highly cross-linked, oxidized and densified silicone generated
by deposition of high energy density on the silicone top surface. Different
techniques to generate the in-situ layer are analyzed, i.e., O2plasma, Ar plasma
and UV light treatment, and it is found that the Ar plasma is the most efficient
way to produce such a layer. In-depth investigation shows that the combined
effect of ion bombardment and VUV-light are necessary to the formation of
the layer, while the contribution of the O2 radicals is negligible or harmful as a
function of the experimental conditions.

The application of these two solutions, i.e., the formation of a protective layer
and the second outgassing, leads to side effects on the silicone: while the former
induces stress in the materials, the latter may also affect its properties. The
influences of these effects on the characteristics of the silicone are not studied
for different reasons. First, such studies will shift the focus of the thesis far from
its initial purpose, the surface passivation of wafers bonded to glass. Second,
the developed processes may not be possible to implement in the long-term i2-
module flow, because they will add complexity to the flow and, hence, increased
cost. In fact, they are considered as ways to discriminate the components of
the silicone that interacts with the passivation process, or, stated otherwise, to
define the material properties that are needed for the material to be compatible
with the passivation process. These are the absence of cyclic oligomers and
methyl groups, high degree of cross-linking and high material density. Bearing
this in mind, the research outlook will be either to select another material having
these properties or, preferably, to intervene in the composition of the silicone
to strengthen them. A very advantageous perspective will be to collaborate
with the material provider and develop a product 100% compatible with the
i2-module flow that does not require any additional processing step during cell
fabrication. Alternatively, the idea of using a combination of two encapsulants
selectively printed on different areas of the module can also be considered: for
instance a soft and highly-transparent silicone can be deposited between the
foil and the module and another that is resilient to processing can be dispensed
between the different foils.
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11.3 Proof-of-Concept

An i2-module Proof-of-Concept is fabricated and comparable performances are
obtained for freestanding and bonded devices. Specifically, the devices exhibit
similar Voc around 660 mV regardless whether they are bonded or freestanding.
This result confirms at device level the effectiveness of the methods developed for
surface passivation of bonded wafers. Efficiencies as high as 15.6% (bonded) and
15.4% (freestanding) are reported, with the main asset being the state-of-the-art
Jsc (>40 mA/cm2) and the main limitation being the low FF (<60%). The
high Jsc is attributed to the technological choices for the cell front and rear
side. The FF losses have been mainly attributed to the formation of a Schottky
diode at the a-Si:H(p) / ITO interface as a consequence of the low conductivity
and limited thickness of the a-Si:H(p) layer.

Despite the comparable results on freestanding and bonded devices, the
efficiencies obtained are far from the ones of state-of-the-art HJ i-BC (>20%)
and indicate the need to heavily improve the manufacturing process in the short
term.

A necessary improvement is the elimination of the rectifying behavior of the a-
Si:H(p) / ITO contact. In this case, an ohmic contact can be achieved following
different paths: (a) intervening in the a-Si:H(p) deposition conditions [247], (b)
introducing a microcrystalline μc-Si(p) layer between the a-Si:H(p) and the
ITO [246], (c) replacing the ITO with metals having high work function (φ)
metals [95] and (d) working on post-deposition treatments of the a-Si:H(p) [248].
Certainly, the choice of the method shall be limited amongst others by the
presence of glass and silicone. For instance, more conductive a-Si:H(p) layer can
be obtained by increasing Tdep [249], but the range of exploitable temperatures
is limited by the presence of silicone. Equally, different metals having high φ
can afford ohmic contact with the a-Si:H(p), but the RS reflectance and Jsc will
also change [95]

A second and likewise necessary improvement is the establishment of a patterning
procedure that does not increase the surface roughness of the wafer, causing
passivation losses. In this way, the excellent passivation properties of the a-Si:H
can be exploited fully and increase the device Voc. Obviously, the patterning
procedure should also account for the compatibility requirements of the silicone
and the resist. Possible suggestions are: a more concentrated TMAH solution
[162] and/or a diluted HF:HNO3 mixture [209].

Furthermore, the i2-module concept is specifically designed for epitaxial thin
(<40 μm) silicon foils, while the investigations presented are executed on
standard Float Zones or Czochralski wafers. This choice was made because
in the beginning of the investigation the processes for foil production and cell
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manufacturing were not well established. Therefore, fabrication of devices on
foils would probably not have led to tangible results. At present, thanks to the
results of the current work and the parallel development in cell process and foil
fabrication, POFs fabricated on silicon foils are retained to be feasible.

Thus, the most challenging and fascinating outlook of this thesis is the application
of the process flow presented here (with the opportune modifications) to epitaxial
foils.

The fabrication of POFs on silicon foils will allow an effective evaluation of
process- and device- related issues linked to the effective integration of the foils
into working devices. Similarly to what is done here for the wafer-based POF,
the foil-based POF will indicate the main factors limiting the device efficiency.
Paths for performance improvements will be suggested, developed and retested
in the following POFs, creating a loop aimed at the establishment of high
efficiency baseline for the i2-module concept. Once this baseline is reached,
further work targeting process simplification can also be foreseen, for instance
by implementation of lithography-free patterning techniques or limitation of wet
etching step. At the same time, calculating the cost for large-area production of
the i2-module on the basis of the developed, simplified baseline process should
also be planned. This will be done in order to estimate an approximate LCOE
for this device and effectively understand its commercial advantages. These
efforts will be necessary in the long-term perspective of an effective transition
from i2-module lab-scale POFs to i2-module commercial devices.
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Appendix A

PV-6100 Material Datasheet

This appendix reports the material datasheet for the silicone used in the thesis,
i.e., PV-6100 produced by Dow Corning. [117]
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Product Information 

Solar 
 

 
 
 

FEATURES 
• High optical transmission 
• UV transparency down to 200 Nm 
• Adhesion to glass and solar cells 
• Inherently UV stable 
• Excellent humidity resistance 
• Fast heat cure (100°C) 
• UL pending 

COMPOSITION 
• Two-part silicone encapsulant 
• 1:1 mix ratio by weight or volume 
 

 

DESCRIPTION 
Dow Corning® PV-6100 Cell 
Encapsulant is supplied as two-part 
liquid component kits comprised of 
Part A/Part B to be mixed in a 1:1 
ratio by weight or volume.  Designed 
for high volume solar module 
production using automated mixing 
and dispensing.  

HOW TO USE 
Mixing 
Dow Corning PV-6100 Cell 
Encapsulant is supplied in two parts as 
lot-matched base and curing agent that 
are mixed in a ratio of one part base to 
one part curing agent, by weight or 
volume.  For further information, 
consult your local Dow Corning 
representative. 

  

Working Time 
Cure reaction begins with the mixing 
process. Initially, cure is evidenced by 
a gradual increase in viscosity, 
followed by conversion to a gel. 
Working time is defined as the time 
required for viscosity to double after 
Parts A and B (base and curing agent) 
are mixed. Dow Corning PV-6100 
Cell Encapsulant has a working time 
of 1 hour. 

Processing and Curing 
Thoroughly mixed Dow Corning PV-
6100 Cell Encapsulant may be poured/ 
dispensed directly onto the surface of 
which it is to be cured. Care should be 
taken to minimize air entrapment.  

Dow Corning PV-6100 Cell 
Encapsulant may be low temperature 
heat cured at 1 minute at 100°C 
(212°F).  

 
 
 
Dow Corning® PV-6100 Cell 
Encapsulant 
Optically clear silicone encapsulant providing high 
transmission of light to the solar cell 

APPLICATIONS 
 Encapsulation of crystalline modules 
 Intended for use between the glass and the solar cells 

 
TYPICAL PROPERTIES 
Specification Writers: These values are not intended for use in preparing specifications. 
Please contact your local Dow Corning sales office or your Global Dow Corning contact 
before writing specifications on this product. 

Test Unit Result 
Mix Ratio  1:1  
Color  clear  
Specific Gravity Part A/Part B  0.98  
Viscosity A centipoise or mPa s 600 
Viscosity B centipoise or mPa s 600 
Working Time hours 1 
Optical Transmission AM 1.5 G % 99.5 
UV - Cut Off nm <200 
Refractive Index  1.401  



This data are believed to be typical 
and should be used as initial estimates 
of cure times. Times will vary slightly 
from batch to batch and can be longer 
or shorter due to thermal mass of your 
parts and your heating ramp rate. 
Pretesting is recommended to confirm 
adequate cure for your application. 

Dow Corning PV-6100 Cell 
Encapsulant can be placed in service 
immediately following the completion 
of the cure schedule. No post cure is 
required. 

SURFACE PREPARATION 
Surfaces should be clean and dry.  
Some applications requiring adhesion 
may require priming. For best results, 
the primer should be applied in a very 
thin, uniform coating and then wiped 
off after application. The surface 
should be thoroughly air-dried prior to 
application of the silicone elastomer. 
For further instructions on primer 
usage, please contact your Dow 
Corning representative.  

USEFUL TEMPERATURE 
RANGES 
For most uses, Dow Corning PV-6100 
Cell Encapsulant should be 
operational over the typical solar 
ranges of -40 to 90°C (-40 to 194°F) 
for long periods of time. However, at 
both the low and high temperature 
ends of the spectrum, behavior of the 
materials and performance in 
particular applications can become 
more complex and require additional 
considerations. 

For low-temperature performance, 
performance should be verified for 
your parts or assemblies. Factors that 
may influence performance are 
configuration and stress sensitivity of 
components, cooling rates and hold 
times, and prior temperature history.  

At the high-temperature end, the 
durability of the cured silicone 
elastomer is time-and-temperature-
dependent.  

COMPATIBILITY 
Certain materials, chemicals, curing 
agents, and plasticizers can inhibit the 

cure of Dow Corning PV-6100 Cell 
Encapsulant. Most notable of these 
include: 
• Organotin and other organometallic 

compounds 
• Silicone rubber containing 

organotin catalyst 
• Sulfur, polysulfides, polysulfones, 

or other sulfur-containing materials 
• Amines, urethanes, or amine-

containing materials 
• Unsaturated hydrocarbon 

plasticizers 
• Some solder flux residues 

If a substrate or material is question-
able with respect to potentially 
causing inhibition of cure, it is 
recommended that a small-scale 
compatibility test be run to ascertain 
suitability in a given application. The 
presence of liquid or uncured product 
at the interface between the question-
able substrate and the cured gel 
indicates incompatibility and 
inhibition of cure.  

HANDLING 
PRECAUTIONS  
PRODUCT SAFETY INFORMA-
TION REQUIRED FOR SAFE USE 
IS NOT INCLUDED IN THIS DOC-
UMENT. BEFORE HANDLING, 
READ PRODUCT AND MATERIAL 
SAFETY DATA SHEETS AND 
CONTAINER LABELS FOR SAFE 
USE, PHYSICAL, AND HEALTH 
HAZARD INFORMATION. THE 
MATERIAL SAFETY DATA  
SHEET IS AVAILABLE ON THE 
DOW CORNING WEBSITE AT 
WWW.DOWCORNING.COM, OR 
FROM YOUR DOW CORNING 
REPRESENTATIVE, OR BY 
CALLING YOUR GLOBAL 
DOW CORNING CONNECTION. 

USABLE LIFE AND 
STORAGE  
Dow Corning PV-6100 Cell 
Encapsulant has a shelf life of 12 
months from date of manufacture at 
room temperature. 

For best results, Dow Corning PV-
6100 Cell Encapsulant should be 
stored at or below 25°C (77°F). 
Special precautions must be taken to 

prevent moisture from contacting this 
material. Containers should be kept 
tightly closed and head or air space 
minimized. Partially filled containers 
should be purged with dry air or other 
gases, such as nitrogen.  

PACKAGING  
Dow Corning PV-6100 Cell 
Encapsulant is supplied in drums. 
Detailed container size information 
may be obtained from your Dow 
Corning representative. 

LIMITATIONS  
This product is neither tested nor 
represented as suitable for medical or 
pharmaceutical uses. 

HEALTH AND 
ENVIRONMENTAL 
INFORMATION 
To support customers in their product 
safety needs, Dow Corning has an 
extensive Product Stewardship organ-
ization and a team of Product Safety 
and Regulatory Compliance (PS&RC) 
specialists available in each area. 

For further information, please see our 
website, www.dowcorning.com, or 
consult your local Dow Corning 
representative. 

LIMITED WARRANTY 
INFORMATION – PLEASE 
READ CAREFULLY 
The information contained herein is 
offered in good faith and is believed to 
be accurate. However, because 
conditions and methods of use of our 
products are beyond our control, this 
information should not be used in 
substitution for customer’s tests to 
ensure that Dow Corning’s products 
are safe, effective, and fully satis-
factory for the intended end use. 
Suggestions of use shall not be taken 
as inducements to infringe any patent.  

Dow Corning’s sole warranty is  
that the product will meet the  
Dow Corning sales specifications  
in effect at the time of shipment.  

Your exclusive remedy for breach of 
such warranty is limited to refund of 
purchase price or replacement of any 
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2009, August 20                                                                                                                                                                                              We help you invent the future is a trademark of Dow Corning Corporation.  
Form No. 06-1036-01  ©2009 Dow Corning Corporation. All rights reserved. 
 

product shown to be other than as 
warranted.  

DOW CORNING SPECIFICALLY 
DISCLAIMS ANY OTHER 
EXPRESS OR IMPLIED WAR-
RANTY OF FITNESS FOR A 

PARTICULAR PURPOSE OR 
MERCHANTABILITY.  

DOW CORNING DISCLAIMS 
LIABILITY FOR ANY INCIDEN-
TAL OR CONSEQUENTIAL 
DAMAGES. 
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Appendix B

List of a-Si:H layers

The table reported in the next page lists the deposition conditions for all a-Si:H
layers used in the thesis. Furthermore, the paragraphs where such layers are
emplyed are indicated. Equally, the τeff measured on symmetric freestanding
structures prepared on 200 μm-thick FZ wafers with a ρ of 2Ω.cm are also
reported.
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Appendix C

Methods for τeff
measurements

C.1 Quasi-Steady-State Photo Conductance
(QSSPC)

Upon illumination, carriers are generated into the silicon wafer. The amount of
photogenerated carriers is quantified by the value of excess carrier density Δnph.
After a certain time characteristic of the silicon bulk and the surface passivation
(τeff), the carriers recombine, and Δnphdecays down to zero [13]. The presene
of excited carriers also leads to a temporary increase of the wafer conductance,
or, otherwise stated, to the appearance of a wafer photoconductancte Δσvph.
Clearly, after a certain time, Δσvph also decays together with Δnph.

Quasi-Steady-State Photo Conductance (QSSPC) is a method to measure
the wafer Δσvph under a large rate of illumination intensities and extract
the corresponding τeff. τeffis caculated assuming the balance between the
generation and the recombination rates (steady-state condition)[13] and
providing the information of wafer resistivity (ρ), wafer thickness (W ) and
frontside reflectance (R). Furthermore, the data collected by QSSPC implictly
contains the information about the Jsc-Voc current voltage characteristics of
the device being measured. Hence, with opportune calculations, it is possible
to estimante the device (implied) Voc at different illumination intensities.

A scheme of the QSSPC measurement setup is represented in Fig C.1, left. A
light sensor (reference cell) and a magnetic sensor (coil) are placed underneath
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Figure C.1: Scheme of the QSSPC (left) and PL measurement setup (right)

the sample to be measured (Si test wafer). Alternative current is sent through
the coil causing formation of mangetic field and generation of Eddy currents in
the sample. The sample is flashed and as a consequence, the conductance of the
sample changes, influencing the Eddy currents. The coil detects this variation
and an integrated software calculates the corresponding Δσvph and Δnph. At
the same time, thanks to the reference cell the intensity and duration of the
illumination are also recorded. Combining this information allows calculation
of the sample τeff.

C.2 Photoluminescence (PL)

Photoluminescence is a method to capture images of the radiation emitted by a
certain material. A typical setup for PL imaging is shown in Fig. C.1, right)??.
The laser source illuminates the sample and generates excess carriers. These
carriers recombine following different mechanisms, and the fraction of carriers
recombining via radiative recombination leads to photon emission. The emission
intensity is proportional to the sample τeff: low and high intensity correspond
to low and high τeff regions, respectively. The photons emitter are collected
by a camera located above the sample, and a spatial image of the radiation
is taken and calibrated in count/s. In this way, a map of the (uncalibrated)
sample τeff is obtained.



Appendix D

Kelvin Probe Measurements

The Kelvin Probe is a non-contact, non-destructing vibrating capacitor device
used to measure the work function (φ) of conducting materials or surface
potential of semiconductor or insulating surfaces [241].

The basics of the φ measurement with the Kelvin Probe is described as follows
[250]. The vibrating metal (usually gold) tip of the Kelvin Probe is approached
to the surface of the sample to be measured (Fig, D.1, left). When the distance
between the sample and the tip is small enough (1-2 mm for the macroscopic
Kelvin Probe), the system sample/air/tip can be compared to an ideal capacitor.
If the φs of the tip and the material of the sample surface are different, charges
are accumulated on the two capacitor plates and, as a consequence, a voltage
builds up (Fig. D.1, middle). This voltage is named contact potential difference
(Vcpd) and is proportional to the work function difference (Δφ) between the two
materials. Subsequently, an external Vdc equal and opposite to Vcpd is applied,
allowing the re-estabilishment of the initial equilibrium and the quantification
of Vcpd (Fig. D.1, right).

Due to its characteristics, this technique is extremely sensible to the surface of
the material and the tip. The presence of mositure and adsorbed on the surface
of the material and on the tip can influence the value measured, leading to an
incorrect evaluation of the material work function [250]. For this reason, the
Kelvin Probe method should be applied on clean, non-oxidized surfaces in a
vacuum atmosphere. Furthermore, in order to obain absoulute values of the
work function, it is essential to calibrate the setup on a material with known φ.

In this thesis, the work function measurements with the macroscopic Kelvin
Probe are performed in air, meaning that the values measured may not be
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Figure D.1: Working principle of the Kelvin Probe. The sample and the tip
band diagrams are represented at large distance d (left), at small distance
(middle) and after application of the external voltage (right). Taken from [250]

Figure D.2: Vcpd measured on the Au region of the different samples reported
in paragraph 10.3 as a function of the sample number (left) and Vcpd measured
on different metals as a function of their nominal φ (right).

representative of the bulk ITO φ. In order to partially bypass this experimental
shortcoming, the validity of the techniquet is verified by two additional
measurements.

One one side, 100nm of gold (Au) are deposited on a region of the samples
surface (see Fig. 10.8) and the Vcpd formed between the Au and the probe
is measured on each sample. In this way, the stability of the reference value
is evaluated (Fig. D.2, left). On the other side, the φs of differents metals
are measured with the same experimental setup, and the values measured are
correlated with the ones reported in the literature (Fig. D.2, right).

Fig. D.2 shows that the value measured on the gold are constant regardless
of the sample used, while the ones measured on the different metals correlate
well with the values reported in the lilterature. Therefore, the method is able
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to measure qualitative work function trends correctly, althought the absolute
values measured are affected by a strong experimental offset.

For this reason, in the thesis, only the qualitative part of the results obtained
with the Kelvin Probe is considered, while the absolute value of the work
function of the materials analyzed (ITO) is not evaluated.
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